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FOREWORD 
The development work described herein, which was conducted by 
the Mechanical Products Division of TRW Inc., was performed 
under NASA Contract N A S 2 - 4 4 4 4 .  R. J. Kiraly directed the system 
design and test as well as the development of the various system 
mechanical components. instrumentation and controls develop- 
ment was headed by J .  D. Powell. I n  its final configuration, 
the system used the Design I I  C02 Concentrator as developed by 
R. G. Huebscher. The overall aircrew oxygen system development 
program was directed by A. D. Babinsky. The contract technical 
monitor was P. D. Quattrone, Biotechnology Division, NASA Ames 
Research Center, Moffett Field, California. 
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AIRCREW OXYGEN SYSTEM DEVELOPMENT 
LABORATORY BREADBOARD SYSTEM TEST REPORT 
R. J .  K i r a l y ,  J .  D .  Powell, R. G.  Huebscher and A. D. Babinsky 
SUMMARY 
A c losed loop, a i rc rew oxygen system was designed and a labora tory  breadboard 
vers ion o f  the system was const ructed and tes ted .  The system was designed 
f o r  a one-man capaci ty .  The system u t i l i z e d  water e l e c t r o l y s i s  as the oxygen 
generat ion subsystem and a hydrogen depolar ized carbon d iox ide  concentrator  as 
the carbon d iox ide  removal device i n  a c losed rebreather  loop. 
An est imate was made o f  t he  s i z e  and wetght o f  the NAOS system f o r  a f u l l y -  
developed pro to type packaged vers ion.  I t  was est imated t h a t  a one-man system 
would occupy approximately 1/2 cu. f t .  volume and the  system would weigh less 
than 50 pounds. A mock-up of an engineer ing pro to type was fab r i ca ted  t o  
demonstrate the packaging c a p a b i l i t y  o f  the system. 
Pre l  iminary t o  the ac tua l  i n t e g r a t i o n  of  the labora tory  breadboard system, 
the major subsystems were assembled and checked ou t  p r i o r  t o  the f i n a l  assembly 
of  the labora tory  breadboard. Except f o r  the e lect rochemical  components and 
the e l e c t r o n i c  con t ro l s ,  a l l  o f  the o t h e r  components i n  the labora tory  bread- 
board system were o f f - t h e - s h e l f ,  commercially a v a i l a b l e  items. The labora tory  
breadboard was e s s e n t i a l l y  a d u p l i c a t i o n  o f  two p rev ious l y  designed and operated 
t e s t  r i g s .  These were the e l e c t r o l y s i s  module t e s t  r i g  and the carbon d iox lde  
concentrator  t e s t  r i g .  Each o f  these r i g s  had t h e i r  own con t ro l s  and i n s t r u -  
mentation f o r  opera t ing  the  two e lect rochemical  components. in te rconnect ing  
these two r i g s  and adding the rebreather  system and a brea th ing  s imu la to r ,  
completed the  labora tory  breadboard system. 
P r i o r  t o  the  system tes ts ,  endurance t e s t s  on the two e lect rochemical  components 
were conducted. Over 1500 hours o f  opera t ion  on the e l e c t r o l y s i s  module and 
over 500 hours o f  opera t ion  of the carbon d iox ide  concentrator  were performed 
p r i o r  t o  the  system i n t e g r a t i o n  t e s t s .  S tar t -up  tes ts ,  steady s t a t e  opera t ion  
under vary ing  brea th ing  ra tes  and volumes, and of f -design t e s t s  were conducted 
w i t h  a complete labora tory  breadboard system. I n  a l l  o f  the tes ts  conducted, 
the system met the performance spec i f i ca t i ons .  Sa t i s fac to ry  opera t ion  o f  t h i s  
system ind ica tes  t h a t  the  system i s  feas ib le  and can be developed i n t o  a 
p ro to type system. 
v i  
INTRORUCTION 
TRW , under NASA Contract  NAS2-4444 deve 1 oped an a i  rcrew oxygen sys tem us i ng 
e lect rochemical  oxygen generat ion and carbon d iox ide  removal. The o b j e c t i v e  
o f  the program was t o  develop a f e a s i b i l i t y  demonstration model o f  a safe,  
re1 iab le ,  compact system which could rep lace the p resen t l y  used LOX systems. 
A i r c r a f t  oxygen systems a re  c u r r e n t l y  l i m i t e d  t o  the use o f  s to red  supp l ies  
of  oxygen i n  the form o f  l i q u i d  oxygen o r  h igh  pressure gaseous oxygen. Use 
of oxygen from these sources l i m i t s  the du ra t i on  of a mission t o  the  amount 
o f  s to red  gases and creates somewhat o f  a problem i n  l o g i s t i c s  and se rv i ce  
t o  p rov ide  the  needed oxygen. 
A means o f  avo id ing  these problems i s  the  p r o v i s i o n  o f  a method o f  cont inuously  
generat ing oxygen on board the a i r c r a f t  as oxygen i s  requi red.  This  can be 
accomplished e lec t rochemica l l y  by e l e c t r o l y s i s  of water  o r  concent ra t ion  o f  
oxygen from the  ambient a i r .  The s i z e  and power requirements o f  these e l e c t r o -  
chemical oxygen generators would be l a r g e  when coupled to an open loop a i r c r a f t  
oxygen system. I f ,  however, a rebreather  loop i s  prov ided such t h a t  the  oxygen 
used corresponds t o  the p i l o t ' s  metabol ic  consumption, the s i z e  o f  the  oxygen 
generator and rebreather  loop becomes compet i t i ve  w i t h  a present-day LOX con- 
v e r t e r  system. The rebreather  loop funct ions t o  recond i t i on  the exhaled gases 
such t h a t  i t  can be reused i n  the brea th ing  cyc le .  The rebreather  thus removes 
exhaled carbon d iox ide,  n i t rogen,  water vapor and heat .  
Th is  repo r t  descr ibes the system design, component design, t e s t i n g  and 
Laboratory Breadboard System (LBS) t e s t s .  The design and component t e s t i n g  
o f  two major components, the  Water E l e c t r o l y s i s  Module (WEM) and the  Carbon 
Diox ide Concentrator Module (CDCM) a re  descr ibed i n  separate repor ts ,  NASA 
CR-73394 and NASA CR-73397. 
the 
P re  
LBS 
mat 
tes 
the 
The LBS demonstrated the general f e a s i b i l i t y  o f  e lec t rochemica l l y  p rov id ing  
oxygen and removing carbon d iox ide  i n  a c losed loop a i rc rew oxygen system. 
Operation o f  t h i s  system was the f i r s t  p r a c t i c a l  demonstration o f  such a 
system. The v e r s a t i  1 i t y  o f  the LBS was f u r t h e r  demonstrated by opera t ion  o f  
system i n  a manned open loop mode us ing  a d i l u t e r  demand regu la to r .  
iminary endurance t e s t s  o f  both the  WEM and CDCM were conducted on the 
before the system was ready f o r  completely i n teg ra ted  opera t ion .  Auto- 
c cu r ren t  con t ro l  f o r  both modules was used i n  t h i s  t e s t i n g .  The LBS 
s inc luded var ious emergency opera t ing  modes. Test r e s u l t s  were used i n  
redesign and packaging o f  the  F1 i g h t  Breadboard System (FBS). 
1 
SYSTEM DESIGN 
This  sec t i on  descr ibes the  e f f o r t s  t o  a r r i v e  a t  a s a t i s f a c t o r y  oxygen system 
design. S t a r t i n g  w i t h  the establ ishment o f  design c r i t e r i a ,  an i n i t i a l  system 
design was performed. System and component analyses o f  the i n i t i a l  design 
resu l ted  i n  a more complete system d e f i n i t i o n .  The system i n t e g r a t i o n  aspects 
were examined and, based on the o v e r a l l  performance requirements, a s e t  o f  
component s p e c i f i c a t i o n s  were es tab l i shed t o  guide the i n i t i a l  component design 
and development. 
o f  the p ro jec ted  s i z e  and weight o f  a p ro to type system was made. 
these p ro jec t i ons ,  an engineer ing mock-up was designed and fab r i ca ted  t o  i l l u s -  
t r a t e  the s i z e  and con f igu ra t i on  of  a p ro to type system. 
Also, as a p a r t  o f  the  system design e f f o r t ,  an es t ima t ion  
Based on 
Design C r i t e r i a  
The design Object ives f o r  NAOS (NASA A i rc rew Oxygen System) were t o  o b t a i n  a 
safe, r e l i a b l e  system o f  low weight and s i z e  which would e l im ina te  the need 
f o r  ground support f a c i l i t i e s  and mtnimize the  t ime and e f f o r t  f o r  maintenance. 
Studies a t  TRW p r i o r  t o  t h i s  program have shown t h a t  a system usi'ng the e lec -  
t r o l y s i s  o f  water t o  generate b rea th ing  oxygen and an e lect rochemical  dev ice 
t o  remove the  carbon d iox ide  from a closed brea th ing  system would best meet 
these ob jec t i ves .  The o n l y  p e r i o d l c  s e r v i c l n g  requ i red  is  t o  r e f i l l  a water 
rese rvo i r  between f l i g h t s .  The system being a c losed loop requi res the gen- 
e r a t i o n  o f  oxygen a t  a r a t e  equal t o  t h a t  me tabo l i ca l l y  consumed by the user 
and losses due t o  leakage and vent ing.  
The system design s p e c i f i c a t i o n s  were based upon the phys io log ica l  requirements 
o f  a p i l o t .  The brea th ing  loop p re l im ina ry  design requirements a re  o u t l i n e d  
i n  Table I which a l s o  shows the bas is  f o r  the requirements. These requirements 
were f o r  the f i r s t  phase program only ,  and were rev ised and expanded i n  the 
l a t e r  phases o f  the NAOS development. 
Table I I  l i s t s  the design goals f o r  a fu l l y -deve loped NAOS prototype.  I t  was 
intended t o  use the F-111 a i r c r a f t  requirements f o r  f l i g h t  p r o f i l e ,  space 
a v a i l a b i l i t y  and serv ices  on board as a design guide. However, t h i s  i n f o r -  
mation was n o t  a v a i l a b l e  a t  the t ime the p re l im ina ry  design guides o f  Table I I  
were developed. Since t h i s  in format ion was no t  c r i t i c a l  t o  the f i r s t  phase 
e f f o r t s  i n  the program and s ince the requirements may change i n  the fu tu re ,  
some assumptions were made i n  the design o f  the  system. Some of these p e r t a i n  
t o  the a v a i l a b i l i t y  o f  e l e c t r i c a l  power, compressed a i r  f o r  opera t ion  o f  the 
counter- lung, and l i q u i d  coolants  fo r  heat exchangers. Also, as shown i n  
Table I I ,  system volume was t o  be minimized b u t  no maximum dimension had been 
es tab l i shed f o r  packaging. 
Upon reviewing the F-111 manuals obta ined through NASA Ames, i t  became apparent 
t h a t  any fu tu re  packaging considerat ions must be worked ou t  w i t h  the a i r c r a f t  
designers. The oxygen subsystem should no t  be considered independently from 
the design o f  the o ther  a i r c r a f t  subsystems s ince  packaging, l o c a t i o n  and per-  
formance o f  the oxygen system may a f f e c t  o the r  subsystems and should no t  be 
considered separate ly .  I t  would be very d i f f i c u l t ,  based on the in fo rmat ion  
we now have, t o  de f i ne  space o r  a l o c a t i o n  f o r  the NAOS system on the F-111. 
2 
TABLE I 
BREATHING LOOP DESIGN REQUIREMENTS 
Requ i remen t 
1 .  P i l o t ' s  oxygen consumption - 
0.10 l b /h r  
2 .  E 
3 .  P 
e c t r o l y s i s  c e l l  oxygen f ow r a t e  - 
0.15 lb /h r  
l o t ' s  r e s p i r a t o r y  minute volume - 
0.5 CFM (14 1 i te rs /min)  
4. Peak instantaneous r e s p i r a t o r y  f l o w  
r a t e  - 1.6 CFM 
5. P i l o t ' s  t i d a l  volume - 0.78 l i t e r s  
6. Temperature 8 f  breathing ogygen t 8  
p i l o t  - 60 F t o  90 F (70 F - 80 F 
p re fe rab  1 e) 
Basis f o r  Requirement 
Based on data f o r  l i g h t  work 
t y p i c a l  o f  p i l o t i n g  a i r c r a f t  
P i l o t ' s  consumption p lus  0.05 l b /h r  
f o r  C02 concentrator  consumption 
Typ ica l  f o r  l i g h t  work, a l s o  
ac tua l  measurements on p i l o t s  
Assumes s inuso ida l  r e s p i r a t o r y  
f l ow  
Based on tes ts ,  va r ies  w i t h  
i n d i v i d u a l s  
Comfort 
7. Re la t i ve  humid i ty  o f  b rea th ing  oxygen Comfort 
t o  p i l o t  - 58% maximum 
8. Breathing loop absolute pressure l e v e l s  Sea leve l  t o  phys io log i ca l  m in i -  
mum safe pressure 3 p s i a  t o  15 p s i a  
$0 p i l o t  - 1% by volume maximum a t  
one atmosphere (7.6mm Hg vapor pres- 
s u r e  max i mum) 
9. C O  concentrat ion i n  b rea th ing  oxygen Well under safe maximum 
IO. C02 produc t ion  by p i l o t  - 0.12 l b / h r  
nominal 
1 1 .  Operat ing du ra t i on  - 10 hours 
Me tabo l i ca l l y  cons is ten t  w i t h  
oxygen consumption 
Typ ica l  oxygen capac i ty  o f  
e x i s t i n g  systems 
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TABLE I I  
F-111 OXYGEN SYSTEM DESIGN GOALS 
( F i  r s t  NAOS Prototype) 
Oxygen Generating Capaci ty 
Oxygen P u r i t y  
Oxygen Supply Pressure 
Oxygen Flow Rate t o  P i l o t ,  average 
Oxygen Temperature to P i  l o t  
Peak Respi ratory  Flow Rate 
Oxygen Re la t i ve  Humidi ty 
System Operat ing Time 
Turn-Around Time 
System Volume 
Sys tern We i gh t 
System Power 
Rebreather Loop Pressure 
0.20 l b /h r  
99.5% (dry)  , BB-0-925a 
0.5 CFM 
6Q°F t o  9O0F 
1.6 CFM 
50% maximum 
10 hours (+25% reserve) 
5 minutes - water r e f i l l  
< 1 f t 3  
5 50 l b  
< 700 wat ts  
F-111 cabin pressure p lus  
s p e c i f i e d  pressure brea th ing  
schedu 1 e 
4 
The NAOS system, however, i s  q u i t e  f l e x i b l e  f o r  packaging s ince  the oxygen 
generat ing network, e l e c t r i c a l  network, and the  rebreather network can be 
separated and interconnected by tub ing and e l e c t r i c a l  cables. 
A t  present the F-111 does n o t  have a l i q u i d  coolant  system. L i q u i d  coolants 
would be d e s i r a b l e  s ince the  carbon d i o x i d e  concentrator ,  e l e c t r o l y s i s  module, 
e l e c t r o n i c s  package, and heat exchanger would be more compact w i th  a l i q u i d  
coolant  as compared t o  an a i r  coo l ing  system which requi res duc t ing  and f i n n i n g  
f o r  heat removal. From a system viewpoi'nt, the a d d i t i o n  o f  a l i q u i d  c o o l i n g  
system incorpora t ing  a pump and an a i r  t o  l i q u i d  heat exchanger may r e s u l t  i n  
a b e t t e r  o v e r a l l  system than using an a i r  coolant  w i t h  associated l a r g e r  com- 
ponents and c o o l i n g  a i r  duct ing.  Again, these considerat ions must be d e a l t  
w i t h  i n  con junc t ion  w i th  the  o v e r a l l  a i r c r a f t  subsystems design. 
i n i t i a l  System Design 
The i n i t i a l  system design was based upon the c r i t e r i a  o u t l i n e d  i n  the  previous 
sect ion;  s p e c i f i c a l l y  Table 1 .  F igure 1 shows the components and t h e i r  p lace- 
ment to meet the design c r i t e r i a .  A blower c i r c u l a t e s  breath ing oxygen through 
the carbon d iox ide  concentrator  which removes the carbon d i o x i d e  from the c i r -  
c u l a t i n g  f l o w  and t r a n s f e r s  i t  t o  the hydrogen stream on the opposi te  s i d e  o f  
the concentrator  module. The p i l o t ' s  e x p i r a t i o n  en ters  the counter- lung which 
accommodates the p i l o t ' s  t i d a l  volume dur ing  brea th ing  t o  mainta in  the loop a t  
constant pressure dur ing the  breath ing cyc le .  i n h a l a t i o n  oxygen i s  drawn from 
the c i r c u l a t i n g  loop through a heat exchanger used as a dehumid i f ier .  
This i s  requi red becagse the  gas f low i n  the c i r c u l a t i n g  loop w i l l  have a 
temperature about 120 F and near ly  saturated w i t h  water vapor. 
downstream of the dehumid i f ier  removes t h e  condensed water and d i r e c t s  i t  t o  
a water vent which vents the  water from the  brea th ing  loop. Oxygen from the  
e l e c t r o l y s i s  module enters  through the demand r e g u l a t o r  t o  make up the oxygen 
consumed by the p i l o t ,  the carbon d iox ide  concentrator,  and system vent ing.  
Next, the oxygen i s  heated t o  a comfortable l e v e l  f o r  breath ing by the p i l o t .  
During i n h a l a t i o n ,  the counter- lung i s  co l lapsed a l l o w i n g  t h i s  gas t o  en ter  
the c i r c u l a t i n g  loop. 
A separator 
Check valves i n  t h e  mask mainta in  the  i n s p i r a t i o n  and e x p i r a t i o n  f lows i n  the 
proper d i r e c t i o n .  The check va lve i n  the  r e c i  r c u l a t i n g  loop prevents "shor t  
c i k c u i t i n g "  i n  the brea th ing  loop. 
This system can prov ide pressure breathing, t h a t  i s ,  the breath ing loop pressure 
can be above the cabin pressure. This  would be requi red a t  cabin a l t i t u d e s  
above 38,000 f e e t .  
loop pressure constant a t  3 p s i a  a t  a l t i t u d e s  between 38,000 and 43,000 f e e t .  
Above 43,000 fee t ,  loop pressure w i l l  remain a t  18 inches of  water above ambient 
pressure. A t  cabin a1 t i t u d e s  above 43,000 fee t ,  pressure s u i t s  are requi red.  
Pressure brea th ing  i s  accomplished by us ing a i r  t o  p ressur ize  the ou ts ide  o f  
the breath ing bag i n  the counter- lung. This  pressure i s  regulated by an aneroid 
device s i m i l a r  t o  those employed i n  pressure brea th ing  demand oxygen regu la to rs .  
The pressure brea th ing  c o n t r o l  w i  1 1  mainta in  the breath ing 
Denit rogenat ion i s  necessary t o  remove the n i t r o g e n  from the breath ing loop. 
The n i t r o g e n  is e l im ina ted  from the  body due t o  t h e  p a r t i a l  pressure gradients  
5 
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e x i s t i n g  w h i l e  b rea th ing  pure oxygen. 
by c o n t i n u a l l y  ven t ing  a small p o r t i o n  o f  the brea th ing  gas. 
The NAOS system w i l l  accomplish t h i s  
The Water E l e c t r o l y s i s  Subsystem (WES) i s  shown i n  F igure  2. The e l e c t r o l y s i s  
module requ i res  a pressure balanc ing system f o r  safe,  re1 i a b l e  opera t ion .  
Oxygen i s  supp l ied  t o  the  brea th ing  loop, as requi red,  by the demand regu la to r .  
The con t ro l  o f  the oxygen generat ion r a t e  i s  accomplished by vary ing  the e lec -  
t r i c a l  power t o  the e l e c t r o l y s i s  module. The module power c o n t r o l  w i l l  ad jus t  
the e l e c t r i c a l  power t o  the  e l e c t r o l y s i s  module t o  ma in ta in  a constant oxygen 
pressure as monitored by a pressure t ransducer.  
A d i f f e r e n t i a l  pressure regu la to r  i n  the  oxygen l i n e  i s  used t o  drop the 
pressure l e v e l  so t h a t  the water feed w i l l  be maintained a t  2 p s i  below the 
oxygen pressure. The hydrogen pressure i s  maintained between these pressures 
by a dome-loaded back pressure regu la to r .  A1 1 pressures, therefore,  a re  r e f -  
erenced t o  the oxygen pressure which i n  t u r n  i s  c o n t r o l l e d  by power t o  the 
module. F igure  3 i s  a p i c t o r i a l  schematic o f  the complete NAOS system. 
Sys tern Ana 1 ys i s 
A thermal ana lys i s  o f  the NAOS system was conducted t o  evaluate methods o f  
mainta in ing a water balance i n  the  carbon d iox ide  concentrator  module and t o  
determine the in f luence o f  component va r iab les  on the system performance. 
Cool ing o f  the carbon d iox ide  concentrator  by use o f  a separate heat exchanger 
i n  the c i r c u l a t i n g  loop was not  found t o  be p r a c t i c a l  due t o  the r e l a t i v e l y  
low c i r c u l a t i o n  f l ow  compared t o  the sens ib le  heat load. Also, i t  would be 
des i rab le  t o  have near l y  constant cond i t ions  o f  temperature and humid i ty  i n  
the c i r c u l a t i n g  loop t o  avo id  l a rge  temperature and water vapor pressure grad- 
ien ts  i n  the carbon d iox ide  concentrator .  External  forced convect ion f l ow  i s  
there fore  required. 
The e l e c t r o l y s i s  module coo l i ng  by water evaporat ion would requ i re  e i t h e r  much 
h igher  opera t ing  temperatures o r  much lower pressures than p resen t l y  spec i f i ed .  
Operating the e l e c t r o l y s i s  module a t  a pressure l eve l  o f  80 p s i a  i s  des i rab le  
i n  t h a t  i t  a l lows a l a r g e r  mass o f  oxygen t o  be s to red  i n  the c e l l  c a v i t i e s  
and oxygen manifolds which r e s u l t s  i n  l ess  s e n s i t i v i t y  t o  p u l s a t i n g  f low demands 
o f  the brea th ing  loop and would p rov ide  more reserve oxygen f o r  emergencies. 
Operat ing the  module a t  t h i s  h igh  pressure and expanding down t o  the brea th ing  
loop pressure r e s u l t s  i n  a low dew p o i n t  i n  the hydrogen and oxygen feed l i n e s .  
This ,  i n  tu rn ,  was found t o  r e s u l t  i n  very l i t t l e  i n t e r a c t i o n  between the e lec-  
t r o l y s i s  module opera t ion  and o the r  system components. 
t ha t  the e l e c t r o l y s i s  module opera t ing  temperature may be se lec ted  independent 
o f  the carbon d iox ide  concentrator  module temperature. Va r ia t i ons  i n  the 
e l e c t r o l y s i s  module temperature w i  1 1  have very small e f f e c t s  on the carbon 
d iox ide  concentrator  module e q u i l i b r i u m  e l e c t r o l y t e  concentrat ion.  
forced convect ion coo l i ng  o f  the e l e c t r o l y s i s  module was se lected and the con- 
t r o l  of the temperature could be f a i r l y  coarse. 
The ana lys is  showed 
External  
Analys is  o f  heat and mass t rans fe r  w i t h i n  the e l e c t r o l y s i s  module and carbon 
d iox ide  concentrator  module showed t h a t  the gas cond i t ions  leav ing  these modules 
would be i n  e q u i l i b r i u m  w i t h  the c e l l s .  That i s ,  the gas e x i t s  a t  the c e l l  
temperature and w i t h  the same water vapor pressure as the e l e c t r o l y t e .  
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A very important cons idera t ion  i n  the  system i s  the  maintenance o f  a r e l a t i v e l y  
constant e l e c t r o l y t e  concent ra t ion  i n  the  carbon d iox tde  concentrator .  The 
e l e c t r o l y t e  concentrat ion can be c o n t r o l l e d  by main ta in ing  a constant d i f f e r e n -  
t i a l  between the dew p o i n t  temperature and the c e l l  temperature i n  the concen- 
t r a t o r  module. Th is  Is because f o r  a g iven e l e c t r o l y t e  concent ra t ion  the d i f -  
ference between the e l e c t r o l y t e  temperature and the  e q u i l i b r i u m  dew p o i n t  
temperature i s  constant over  a wide range o f  temperature. 
Sys tern In tegra  t ion  
A f t e r  complet ing the  i n i t i a l  design of t he  system t o  meet the design c r i t e r i a  
p rev ious ly  discussed and eva lua t i ng  the r e s u l t s  of the  system analyses, a 
complete system design was performed. Th is  invo lved s e l e c t i n g  and in te rcon-  
nec t ing  components i n  the system t o  achieve the des i red  performance. 
shows the complete system design. The schematic shows the p r i n c i p a l  components 
as we l l  as the re la ted  accessor ies such as the temperature c o n t r o l  system, 
regu la to rs ,  heat exchangers, inst rumentat ion and warning system. 
F igure  4 
Heat r e j e c t i o n  from the e l e c t r o l y s i s  module, carbon d iox ide  concentrator  and 
dehumid i f ie r  w i l l  be accomplished by gas o r  l i q u i d  coo l i ng  systems aboard the 
a i r c r a f t .  Temperatures w i l l  be c o n t r o l l e d  by regu la t i ng  the coolant  f l ow  
through these components. The gas regu la to rs  a re  requ i red  t o  ma in ta in  a pres- 
sure balance on the e l e c t r o l y s i s  c e l l ,  t o  p rov ide  pressure brea th ing  a t  h igh  
cabin a l t i t u d e ,  and t o  regu la te  pressure on the hydrogen s ide  of  the  carbon 
d iox ide  concentrator .  The heat exchangers i n  the  brea th ing  loop main ta in  com- 
f o r t a b l e  oxygen cond i t ions  f o r  the p i l o t .  
mance i n d i c a t i o n  as w e l l  as warning alarms f o r  sa fe ty  a re  included. 
Inst rumentat ion f o r  system p e r f o r -  
Component Spec i f i ca t i ons  
A s e t  o f  performance s p e c i f i c a t i o n s  were compiled f o r  the p r i n c i p a l  componen 
t o  be developed i n  the  f i r s t  phase program. 
Table 1 1 1 .  
parametr ic  t e s t i n g  def ined the requirements f o r  the a u x i l i a r i e s .  The sDeci f  
These s p e c i f i c a t i o n s  a re  g iven 
Some of the a u x i l i a r y  components were spec i f i ed  a f t e r  component 
S 
n 
- 
ca t ions  i n  Table i l l  were used as'guides i n  the design o f  the system components. 
Pro jec ted  Size and Weight 
An est imate was made o f  the s izes  and weights o f  the NAOS components f o r  a 
fu l ly -developed prototype.  These a re  shown i n  Table IV. The est imates a re  
based on re f ined c e l l  cons t ruc t i on  methods and ma te r ia l s .  
in fo rmat ion  r e f l e c t s  present technology, no t  necessar i l y  i n  us ing e x i s t i n g  
components, bu t  i n  manufacturing spec ia l  purpose components. For example, a 
product ion u n i t  would incorpora te  regu la to rs  w i t h  d i r e c t  p o r t i n g  t o  o ther  com- 
ponents ra the r  than j o i n i n g  by us ing  tub ing  and f i t t i n g s .  Components, there-  
fore, requ i re  ca re fu l  system i n t e g r a t i o n  considerat ions such t h a t  when combined 
i n t o  a system the  optimum s i z e  and weight system i s  obtained. 
same as combining optimum components. 
A u x i l i a r y  component 
Th is  is  not  the 
Also shown i n  Table 1 \ 1  i s  the present s i zes  and weights o f  some of  the components. 
The la rge  discrepancy between e x i s t i n g  and p ro jec ted  values i s  due main ly  t o  
the " laboratory"  design o f  these components f o r  minimum cost  and maximum safety ,  
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TABLE I I I 
COMPONENT PERFORMANCE SPECIFICATIONS 
FIRST PHASE NAOS PROGRAM 
E l e c t r o l y s i s  Module Assembly 
Oxygen Generation Rate: 
Oxygen Supply Pressure: 
Hydrogen Pressure: 
Water Supply Pressure: 
Operat i ng Durat ion : 
Power Input :  
Coolant: 
Cool ing Load: 
Operat ing Temperature Range: 
E l e c t r o l y s i s  Module Water Reservoi r  
Useful  Capacity: 
Gas (02) Side Pressure: 
Gas (02) t o  Water Side Pressure D i f fe rence:  
Carbon D iox ide  Concentrator Module Assembly 
C02 Removal Rate: 
Operat ing Temperature Range ( a f t e r  
O2 Side To ta l  Pressure: 
H2 Side T o t a l  Pressure: 
O2 Consumption: 
O 2  Side C i r c u l a t i n g  Flow: 
0 Side Pressure Drop: 
H Side I n l e t  Flow: 
Ope r a t  i ng Du ra  t i on : 
Cool ant  : 
Cool ing Load: 
s ta r t -up )  : 
2 
P a r t i a l  Pressure a t  O2 E x i t :  
Counter Lung Assembly 
Useful  Volume: 
D i f f e r e n t  i a1 Pressure, con ta iner  
Vent \la 1 ve Cracking Pressure: 
above ambient: 
Blower 
Pressure Flow: 
E 1 e c t  r i ca 1 Power: 
0.15 lb /h r ,  nominal 
0.20 I b / h r ,  maximum 
77 +3 ps ia  
0 to  5 p s i  below O2 pressure 
0 t o  5 p s i  below H2 pressure 
10 h r s  , continuous 
0 t o  30 amps, 20 v o l t s  maximum 
A i  r 
400 BTU/hr, maximum 
140- 1 6OoF 
1.9 l b  water, minimum 
72 28 p s i a  
rt0.5 p s i  
0.12 lb /h r ,  minimum 
100 t o  140°F 
3 t o  15 p s i a  
3 t o  15 p s i a  
0.05 lb /h r ,  maximum 
2.0 CFM, minimum 
4 inches water a t  3.5 CFM, 
1 atm. 
0.018 lb /h r  
7.6mm Hg, maximum 
10 hrs ,  continuous 
A i  r 
300 BTU/hr, maximum 
1 l i t e r  
1.0 p s i ,  maximum 
0.5 inches water 
6 inches water a t  3.5 CFM 
115 v o l t s ,  400 Hz, 250 mi l l iamps 
cont inued- 
12 
Table i l l  - cont inued 
Dehumid i f ier  Assembly 
Cool ing F l u i d :  
Oxygen Flow Rate: 
Oxygen I n l e t  Temperature: 
Oxygen O u t l e t  Temperature: 
Cool an t  I n 1 e t  Tempera t u  re:  
Oxygen i n l e t  Humidi ty:  
Coolant Flow Rate: 
E l e c t r o l y s i s  Module Power Contro l  U n i t  
Vol tage input :  
Voltage Output to Module: 
Current Output to  Module: 
Current Regulat ion:  
Pressure Contro l  Shut-Off: 
Pressure Contro l  Propor t iona l  Band: 
CO Concentrator Modu 1 e Load -2 
Load Current :  
Current Regulat ion:  
Load Voltage: 
Control  Power input :  
Counter Lung A i r  Pressure Contro l  Regulator 
A i r  Flow Rate: 
Safety Pressure: 
Pressure Breath I ng : 
Re1 i e f  Pressure: 
A i r  i n l e t  Pressure 
Oxygen Demand Regulator 
Oxygen i n l e t  Pressure: 
Oxygen O u t l e t  Pressure: 
C rack i ng Pressure : 
Oxygen Flow Rate: 
Water o r  water -an t i f reeze s o l u t i o n  
0.5 CFM average, 2.0 CFM peak, 
flow vs t ime i s  a s ine  wave, 
p o s i t i v e  f l ow  o n l y  
100°F t o  140°F 
4OoF t o  6OoF 
4OoF t o  5O0F 
Saturated 
50 l b /h r ,  minimum 
28 F4 v o l t s  DC, 750 watts ,  maximum 
115 v o l t s ,  400 Hz, 5 wat ts  
10 t o  20 v o l t s  DC 
0 t o  30 amps 
FO.5 amps 
80 p s i a  
6 p s i  
Manual s e t  p o i n t  0 t o  10 amps 
FO. 12 amps 
2 t o  12 v o l t s  DC 
115 v o l t s ,  400 Hz, 5 wat ts  
0.5 CFM, average 
2.0 CFM, peak 
1 t o  2 inches water above ambient 
MIL-R-19121D 
18 inches water 
50 psig,  nominal 
50 t o  100 p s i a  
3 t o  15 p s i a  
0.5 inches water below dome 
loading pressure 
0 t o  50 1 i t e rs /m in  
TABLE IW 
PROJECTED PROTOTYPE SYSTEM S I Z E  AND WEIGHT 
F l i g h t  Size, 
Components Inches 
E l e c t r o l y s i s  Module 
C O  Concentrator 
Water Reservoi r  
Counter-Lung 
Blower 
Dehumid i f ier  
Reheate r 
E l e c t r o l y s i s  Module Power Contro l  
Oxygen Demand Regulator 
Oxygen D i f f e r e n t i a l  Regulator 
Hydrogen Back Pressure Regulator 
CO Concentrator Load Contro l  
Hysrogen Vent Pressure Regulator 
Counter-Lung Pressure Contro l  
E l e c t r o l y s i s  Module Coolant Valve 
CO Concentrator Coolant Valve 
Dezumid i f ier  Coolant Valve 
Water Vent Valve 
C i r c u l a t i n g  Loop Check Valve 
E 1 e c t  r o l  ys i s Modu 1 e Pressure Transducer 
Control  E lec t ron i cs  f o r  Coolant Valves 
F i t t i n g s ,  Duct ing,  Connectors 
2 
3 x 6 ~ 8  
8 ~ 7 x 2  
4.1 d i a  x 5 
5 ~ 8 . 5 ~ 3 . 5  
3 d i a  x 3 
1 x 1 ~ 5  
1 x 1 ~ 3  
5x6x4.5 
2 d i a  x 1 
2 d i a  x 1 
2 d i a  x 1.5 
4 ~ 2 . 5 ~ 2  
2 d i a  x 1 
3 x 4 ~ 2  
1 d i a  x 2 
1 d i a  x 2 
1 d i a  x 2 
1.5 d i a  x 2 
1 d i a  x 0.5 
1 d i a  x 1 
3X3X4 
To ta l  System Size 5 x 1 4 ~ 1 4  
FIRST UNIT DEVELOPMENT S I Z E S  AND WEIGHTS 
Present Size, 
Components I nches 
E l e c t r o l y s i s  Module 
C02 Concentrator 
Water Rese rvo  i r 
E l e c t r o l y s i s  Module Power Contro l  
C02 Concentrator Load Contro l  
4 x 4 ~ 8 ~ 1 1  
5 x 7 ~  1 3 
6 d i a  x 5.4 
7 . 5 ~ 9 ~  10 
5 ~ 6 . 3 ~ 8 . 5  
F l i g h t  Weight, 
Pounds 
16 
10 
3.5 f i l l e d  
2 
1.7 
1 
.5 
2.5 
.2 
- 3  
.4 
1 e5 
- 3  
.6 
.2 
.2 
.2 
. 2  
. 1  
. 2  
2.5 
1.5 
45.6 
Present Weight, 
Pounds 
51 
36 
5 f i l l e d  
6.1 
3 
14 
For example, o f  the 51 pounds f o r  the e l e c t r o l y s i s  c e l l ,  20 pounds represents 
the s t e e l  endplates,  where a h i g h  s t reng th  honeycomb i s  pro jec ted  f o r  the  
prototype.  The pro to type s i z e  and weight  looks a t t r a c t i v e .  I t  i s  est imated 
tha t  a packaged system w l l l  be near one-hal f  o f  a cub ic  f o o t .  The r e s u l t s  o f  
these s i z e  est imates were used t o  fab r i ca te  a mock-up of a system i n  p ro to type 
conf i gura t ion.  
Eng i'neer i ng Mock-up 
The f i r s t  s tep  i n  cons t ruc t i ng  the  model was t o  make rough component mock-ups 
t o  the p ro jec ted  s izes  shown i n  Table I V .  Th is  was done r a p i d l y  and convenient ly  
using Styrofoam. The i n d i v i d u a l  components were then assembled i n  many r e l a t i v e  
o r i e n t a t i o n s  t o  at tempt t o  minimize the o v e r a l l  package envelope. Since n e i t h e r  
a package Conf igura t ion  nor  s i z e  l i m i t a t i o n  had been establ ished,  i t  was de- 
c ided t h a t  a r e l a t i v e l y  f l a t ,  square package would be representa t ive  o f  an a i r -  
c r a f t  system which could, f o r  example, be placed below an a v i a t o r ' s  seat.  
A s i g n i f i c a n t  e f f o r t  was made t o  design the component in terconnect ions o f  duct-  
ing, tub ing  and w i r i n g  f o r  e f f i c i e n t  use o f  space. Some of  the component shapes 
were changed s l i g h t l y  f o r  an improvement i n  package envelope. The counter- lung 
and e l e c t r o n i c s  package were examples where m o d i f i c a t i o n  o f  the shape d i d  no t  
change i t s  performance bu t  d i d  a i d  the package design. 
An assumption was made t h a t  l i q u i d  coolant  would be used t o  cool  the e l e c t r o l y s i s  
module, carbon d iox ide  concentrator ,  power conversion and cond i t i on ing  components 
and heat exchanger. 
s ince f inned heat t r a n s f e r  sur face was n o t  requ i red  as w i t h  an a i r  coo l i ng  
method. 
This  assumption al lowed these components t o  be more compact 
A rough Styrofoam mock-up was used fo r  package design. I t  i s  f e l t  t h a t  such 
a design would have taken a much la rge r  e f f o r t  and t ime i f  i t  was attempted 
s o l e l y  on a drawing board. 
r a p i d l y  by moving pa r t s .  
drawing o f  the package. 
Many opt ions f o r  component placement were examined 
The Styrofoam mock-up took the p lace  o f  a layout  
Once the package design was completed, the major components were f a b r i c a t e d  o f  
p l a s t i c .  Several o f  the components such as regu la to rs ,  valves and f i t t i n g s  
were ac tua l  product ion pieces w i thou t  i n t e r n a l  p a r t s .  F igure  5 shows the com- 
p le ted  pro to type mock-up and F igure  6 shows the mock-up w i t h  a t y p i c a l  b rea th ing  
mask and hoses. This  mock-up represents the r e s u l t s  o f  a d e t a i l e d  design e f f o r t  
i n  which a l l  components a r e  f e l t  t o  be r e a l i s t i c  i n  s i z e  and conf igura t ion .  
A l l  e l e c t r i c a l  and plumbing connections a re  accounted f o r .  Therefore,  t h i s  
mock-up represents an a t t a i n a b l e  con f igu ra t i on  based on the p ro jec ted  e f f o r t s  
i n  the th ree  phases o f  the  NAOS development program. 
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FIGURE 6 NAOS PROTOTYPE MOCK-UP WITH BREATHING MASK 
PBWER CONDITIONING AND CONTROLS 
This  sec t i on  descr ibes the design and development e f f o r t s  i n  the e l e c t r i c a l  
power cond i t i on ing  and c o n t r o l s  subsystem. A major e f f o r t  was i n  the area 
o f  the process r a t e  c o n t r o l s  of the two e lect rochemical  components: the Water 
E l e c t r o l y s i s  Module and the  Carbon D iox ide  Concentrator Module. 
t o  t h i s ,  a r e c i r c u l a t i n g  loop blower speed c o n t r o l  and the e lect rochemical  
component temperature c o n t r o l  systems were designed and fabr ica ted .  
I n  a d d i t i o n  
E l e c t r o l y s i s  Module Constant Current Condi t ioner  
and Pressure Contro l  
Design Guidel ines.  - The f i r s t  s tep i n  the  development o f  the power cond i t ion-  
ing  equipment was t o  s e t  down s p e c i f i c a t i o n s  t o  be used as design goals.  These 
s p e c i f i c a t i o n s  were determined from e l e c t r o l y s i s  module requirements, a know- 
ledge o f  s ta te -o f - the -a r t  power cond i t i one r  c a p a b i l i t i e s  and t y p i c a l  a i r c r a f t  
power source a v a i l a b i l i t y .  The s p e c i f i c a t i o n s  f o r  the e l e c t r o l y s i s  module 
constant cu r ren t  power cond i t i one r  a re  shown i n  Table V .  Th is  t a b l e  l i s t s  the 
design goals as w e l l  as the  c h a r a c t e r i s t i c s  of the ac tua l  power cond i t i one r  as 
determined by labora tory  t e s t s  on the breadboard. As can be seen, a l l  goals 
were e i  t he r  met o r  exceeded. 
Development. - The e l e c t r o l y s i s  module requ i res  e l e c t r i c a l  power. I n  o rde r  t o  
keep s i z e  and weight down and t o  keep e f f i c i e n c y  high, a sw i tch ing  mode regu- 
l a t o r  was se lected.  
w id th  modulat ion (PWM) system opera t ing  a t  a frequency o f  5K  Hz was chosen. 
To keep the f i l t e r  components as small as poss ib le  a pu lse  
The bas ic  cu r ren t  regu la to r  system i s  shown i n  F igure- - /a .  
swi tch c o n t r o l  w i l l  be discussed l a t e r .  
The e 
When the se r ies  swi tch  t r a n s i s t o r  i s  on, f u l l  source vo l tage w i l  
t o  the inductor ,  load and cu r ren t  shunt i n  se r ies .  Load cu r ren t  
cur ren t )  w i l l  increase exponen t ia l l y  a t  a r a t e  determined by the 
inductance t o  t o t a l  se r ies  res is tance.  Jus t  a f t e r  the t r a n s i s t o  
turned o f f ,  the induc tor  cu r ren t  w i l l  be the same as i t  was j u s t  
ements i n  the 
be appl ied  
(and sw i t ch  
r a t i o  o f  the 
swi tch  i s  
before the 
t r a n s i s t o r  sw i tch  was turned o f f .  
t h i s ;  the diode shown i n  F igure 7a prov ides t h i s  path.  This  c o n t i n u i t y  o f  
cu r ren t  i s  caused by the f a c t  t h a t  the energy s to red  i n  an inductance i s  pro-  
p o r t i o n a l  t o  the square o f  the cu r ren t  through i t  and the energy cannot be 
changed instantaneously.  The energy i n  the induc tor  i s  fed t o  the  load which 
causes the cu r ren t  t o  decrease exponen t ia l l y .  When the t r a n s i s t o r  sw i tch  i s  
turned on again, i t  w i l l  p i c k  up the load cu r ren t  f low ing  a t  t h a t  i n s t a n t  and 
the source w i l l  cause the cu r ren t  t o  increase again.  To keep load cu r ren t  
r i p p l e  and t r a n s i s t o r  sw i tch  peak cu r ren t  as low as poss ib le ,  the choke has 
t o  be l a rge  enough t o  prevent l a rge  cu r ren t  changes dur ing  each p a r t  o f  t h i s  
cyc le .  
The cu r ren t  w i l l  f i n d  a path t h a t  w i l l  a l l ow  
By vary ing  the amount o f  ON t ime i n  each cyc le  (o r  the duty cyc le )  the average 
load cu r ren t  can be var ied.  The cu r ren t  shunt i s  used t o  sense the load 
cu r ren t  and compare i t  w i t h  a re ference i n  the swi tch  c o n t r o l .  I f  load cu r ren t  
t r i e s  t o  increase f o r  any reason , the swi tch  c o n t r o l  w i l l  cause the duty cyc le  
t o  be reduced t o  lower the  load cu r ren t  t o  the proper va lue and v i c e  versa. 
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The waveforms shown i n  F igure  7b show ( i n  an exaggerated form) what was 
descr ibed above. With a r e s i s t i v e  load the  load cu r ren t  and load vo l tage are  
the same form and a re  r e l a t e d  by Ohms Law. I n  the ac tua l  design, the induc- 
tance w i l l  be s ized  t o  keep the load cu r ren t  r i p p l e  a t  a much lower va lue than 
shown t o  keep AC losses down and t o  keep t r a n s i s t o r  peak cur ren ts  down. 
F igure 8a i s  a more d e t a i l e d  func t iona l  diaqram o f  t he  swi tch  c o n t r o l  b lock  
shown i n  F igure  7a. 
on the t r a n s i s t o r  swi tch)  when the vo l tage from the  a m p l i f i e r  i s  h igher  than 
the sawtooth s igna l  and i t  produces a low outpu t  vo l tage (which tu rns  o f f  the 
t r a n s i s t o r  swi tch)  when the  sawtooth i s  l a r g e r  than the a m p l i f i e r  s i g n a l .  The 
a m p l i f i e r  looks a t  the reference (a negat ive  DC vo l tage)  and the vo l tage  s igna l  
from the cu r ren t  shunt (a p o s i t i v e  DC vol tage)  a m p l i f i e s  and i n v e r t s  the  d i f -  
ference between the magnitudes of  the two vo l tages.  
The comparator produces a h i g h  ou tpu t  vo l tage (which tu rns  
Thus i f  the reference s igna l  i s  l a rge r  i n  magnitude than the  cu r ren t  shunt 
s igna l ,  the a m p l i f i e r  w i l l  produce a p o s i t i v e  ou tpu t  equal t o  i t s  ga in times 
the d i f f e r e n c e  between the  two inputs .  The waveforms o f  F igure  8b show j u s t  
such a s i t u a t i o n  and the  r e s u l t i n g  sw i t ch  c o n t r o l  s5gnal. 
I f  the  load cur ren t  should increase f o r  any reason such as load res is tance 
decrease o r  an input  vo l tage increase, the cu r ren t  shunt s igna l  w i l l  increase. 
This  w i l l  cause the a m p l i f i e r  output  t o  drop. The comparator, and thus the 
switch,  w i l l  then be turned o f f  e a r l i e r  i n  each c y c l e  which w i l l  reduce load 
cur ren t  as requ i red  (see F igure  8b). The gain o f  the  a m p l i f i e r  i s  very h igh  
t o  DC s igna ls  approaching 50,000. This  means t h a t  on l y  very small load cur -  
ren t  changes w i l l  be requ i red  t o  compensate f o r  l a rge  load res is tance o r  inpu t  
vo l tage changes. 
The reference vo l tage mentioned i n  the prev ious paragraphs can be made a 
va r iab le  vo l tage and the  load cu r ren t  w i l l  f o l l o w , i t .  Thus a manual cu r ren t  
con t ro l  can be provided o r  as descr ibed l a t e r ,  a s igna l  from an oxygen pres- 
sure t ransducer can be used t o  con t ro l  the  cu r ren t  cond i t i one r  t o  a l l ow  an 
oxygen pressure con t ro l  system t o  be b u i l t .  
F igure 9 i s  a complete schematic o f  the breadboard cond i t i one r  as used i n  the 
Laboratory Breadboard System before  the  u n i t  was r e b u i l t  f o r  increased capac i ty .  
F igure 10 shows the ou tpu t  c h a r a c t e r i s t i c s  o f  t h i s  cond i t i one r  a t  three input  
vol tages and two load cu r ren t  s e t  po in ts .  
I n  the i n i t i a l  stages o f  the development o f  the e l e c t r o l y s i s  s tack power 
cond i t ioner ,  several  o the r  schemes were examined. These a l l  had one fea tu re  
i n  common, the absence o f  an induc tor  i n  the load cu r ren t  path.  I t  i s  v i r -  
t u a l l y  impossible t o  e l i m i n a t e  t h i s  element because load cur ren ts  and cu r ren t  
peaks become extremely h igh  and uncon t ro l l ab le .  Th is  imposes a severe s t ress  
on the se r ies  swi tch  elements and requi res a tremendous increase i n  t h e i r  s ize ,  
number and cos t .  T ry ing  t o  l i m i t  t h i s  cu r ren t  by means of  r e s i s t i v e  elements 
i s  poss ib le  bu t  reduces the c o n d i t i o n e r ' s  e f f i c i e n c y  t o  a very low value and 
makes heat removal a b i g  problem. 
Examining the  var ious approaches l e d  t o  the conclus ion t h a t  us ing an inductance 
f o r  cu r ren t  l i m i t i n g  i s  the approach t o  take. E f f o r t s  t o  reduce the s i z e  o f  
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the inductance were f r u i t f u l  i n  t h a t  the  17.6 pound, 5 l / 2  inch by 4 1/2 inch 
by 5 inch induc tor  used i n  a prev ious s i m i l a r i l y  ra ted  constant cu r ren t  con- 
d i t i o n e r  was reduced t o  a 1.43 pound, 2 1/2 i nch  long by 3 1/2 inch  diameter 
u n i t  w i t h  an improvement i n  regu la t i on  as a f u r t h e r  b e n e f i t .  
The e l e c t r o l y s i s  module power cond i t i one r  as descr ibed above was mod i f ied  t o  
inc lude a pressure regulated cu r ren t  c o n t r o l  and a cu r ren t  l i m i t e r .  Also,  a 
mod i f i ca t i on  was made t o  increase the e f f i c i e n c y  o f  the  u n i t .  
supply, however, remained unchanged. The changes made the power cond i t i one r  
more compat ib le w i t h  the requirements o f  the t e s t  stand and the f l i g h t  modif ied 
u n i t .  F igure  1 1  i s  a b lock  diagram o f  the  complete power cond i t i one r  and pres- 
sure c o n t r o l  subsystem. The cu r ren t  sensing shunt was changed t o  a lower 
res is tance.  
power l o s t  i n  t h i s  r e s i s t o r  from 25 t o  3.2 wat ts .  Th i s  change increased the 
o v e r a l l  e f f i c i e n c y  from 81 t o  86 percent.  
0.005 ohm r e s i s t o r  ou tpu t  vo l tage up t o  the value p rev ious l y  obta ined from the 
0.04 ohm r e s i s t o r  as shown i n  F igure  9 1 .  
The bas ic  power 
The res is tance was changed from 0.04 ohm t o  0.005 ohm t o  c u t  the 
An a m p l i f i e r  was used t o  b r i n g  the 
The e l e c t r o l y s i s  module power cond i t i one r  as p rev ious l y  descr ibed was an ad jus t -  
ab le constant cu r ren t  cond i t i one r .  Th is  means t h a t  any change i n  s tack  charac- 
t e r i s t i c s  and/or source vo l tage would n o t  change s tack  cu r ren t  b u t  s tack  cur -  
ren t  could be s e t  by a d j u s t i n g  a potent iometer .  The system requirements c a l l  
f o r  the use o f  a pressure c o n t r o l  on the  oxygen ou tpu t  from the e l e c t r o l y s i s  
module. To implement t h i s ,  a pressure t ransducer was connected t o  an a m p l i f i e r  
(A3 i n  F igure  1 1 )  whose ou tpu t  was then used i n  p lace  of  the manual cu r ren t  s e t  
p o i n t  c o n t r o l .  The a m p l i f i e r  ou tpu t  was phased such t h a t  an increas ing pressure 
caused the  cond i t i one r  ou tpu t  cu r ren t  t o  decrease. 
transducer was i n s t a l l e d  i n  the oxygen ou tpu t  l i n e  of  the module, a c losed loop 
pressure c o n t r o l  system resu l ted .  
Thus, when the pressure 
A t  s t a r t  up o r  dur ing  per iods o f  excess oxygen dra in ,  the pressure w i l l  be low 
and module cu r ren t  could become excessive. To prevent  t h i s  a cu r ren t  l i m i t i n g  
c i r c u i t ,  shown i n  F igure  1 1 ,  was included. When the output  cu r ren t  reaches a 
value such t h a t  the vo l tage  ou tpu t  o f  A1 becomes equal t o  the reference connected 
t o  the i npu t  o f  A2, the ou tpu t  o f  A2 changes t o  l i m i t  the output  cu r ren t .  
F igure 12 is a photograph o f  the breadboard o f  the e l e c t r o l y s i s  module power 
cond i t ioner .  
s a t i l i t y  and ease o f  vary ing  opera t ing  parameters. 
i n t e g r a t i o n  o f  the cond i t i one r  i n t o  the complete system as simple as poss ib le .  
Closed loop s t a b i l i t y ,  ga in  and s e t  p o i n t s  a re  a l l  ad jus tab le  
i ndependen t l y )  . 
The e l e c t r o l y s i s  module power cond i t i one r  was designed f o r  ver-  
This  was done t o  make the 
(genera l l y  
F igure 13 shows the cu r ren t  versus pressure c h a r a c t e r i s t i c  curve f o r  the power 
cond i t ioner .  
the reference input  t o  A2, the s lope of  cu r ren t  versus pressure i n  the con t ro l  
region can be va r ied  by changing the ga in  o f  A3,  and the pressure a t  the design 
opera t ing  p o i n t  can be va r ied  by changing the pressure reference vo l tage i n t o  
A3  - 
The magnitude of  the  l i m i t e d  cu r ren t  can be changed by vary ing  
From 0 t o  74 psia, the cu r ren t  l i m i t e r  ho lds the module cu r ren t  t o  a constant 
28 amperes. When the pressure increases above 74 ps ia ,  the pressure transducer 
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c o n t r o l s  the  cur ren t  causing i t  t o  decrease as pressure increases u n t i l  a t  
80 p s i a  the  c u r r e n t  i s  reduced t o  zero. 
Assuming the  design oxygen f l o w  r a t e  o f  0.15 l b / h r  i s  being taken from the 
e l e c t r o l y s i s  module, the oxygen pressure w i l l  increase u n t i l  the  c u r r e n t  i s  
reduced to  23 amps. As shown i n  F igure 13, t h i s  w i l l  occur a t  about 75 ps ia .  
I f  the r a t e  o f  oxygen being taken from the  module i s  reduced, the  pressure 
w i l l  increase u n t i l  the c u r r e n t  drops t o  the value necessary t o  supply the 
oxygen being used. The c o n t r o l  system w i l l  a d j u s t  the module c u r r e n t  t o  the 
value requi red by the  module to supply the oxygen being de l i vered .  Module 
oxygen pressure w i l l  vary as requi red t o  accomplish t h i s .  
The breadboard e l e c t r o l y s i s  module cur ren t  c o n t r o l  (see F igure 12) was i n s t a l  l e d  
i n  the labora tory  breadboard system and operated f o r  over 2,000 hours i n  both 
the manual (constant cur ren t  w i th  manual cur ren t  s e t t i n g )  and the  automat ic 
pressure c o n t r o l  modes. There were no f a i l u r e s  i n  the equipment nor were there  
any detectable design d e f i c i e n c i e s .  I t s  performance i n  the  automatic pressure 
c o n t r o l  mode was e x c e l l e n t .  
C02 Concentrator Load 
Design Guidel ines.  - Figure 14 shows the  carbon d iox ide  concentrator  load 
vol tage versus cur ren t  c h a r a c t e r i s t i c  which was used as a design guide. The 
breadboard developed f o r  t h i s  load w i l l  operate a t  any p o i n t  w i t h i n  the  s o l i d  
l i n e  enclosed area i n  F igure 14, which covers the  m a j o r i t y  o f  the module op- 
e r a t i n g  area and includes the expected opera t ing  p o i n t  o f  the module. 
I n  add i t ion ,  a cur ren t  r e g u l a t i o n  o f  three percent and power consumption less 
than 10 wat ts  from the 400 Hz a i r c r a f t  power system were se lected as design 
goals. 
and the 400 U t  power consumption was 7 wat ts .  
The breadboard c u r r e n t  r e g u l a t i o n  was measured t o  be two-tenths percent 
Development. - The schematic of Figure 15 shows the  o r i g i n a l  carbon d iox ide  
load c i r c u i t .  I t  consis ted o f  a ser ies  t r a n s i s t o r ,  Q1, which i s  c o n t r o l l e d  by 
t r a n s i s t o r s  42 and 43. The operat ional  a m p l i f i e r  compares the load cur ren t  
(as measured by the  two 0.1 ohm r e s i s t o r s ,  R1  and R2 i n  p a r a l l e l )  w i t h  a r e f -  
erence vo l tage on the wiper  o f  c o n t r o l  P1.  The d i f ference between these two 
s igna ls  i s  used t o  c o n t r o l  the ser ies  power t r a n s i s t o r  such t h a t  the  load cur-  
ren t  i s  maintained constant a t  the value s e t  by c o n t r o l  P1 .  The a m p l i f i e r  
gain i s  so l a rge  t h a t  o n l y  very small load cur ren t  changes are produced by 
la rge  input  vo l tage changes. 
Most o f  the power from the carbon d iox ide  concentrator  i s  d iss ipa ted  by the 
power t r a n s i s t o r ,  Q1. I f  an automatic c o n t r o l  o f  some o t h e r  concentrator  
dependent v a r i a b l e  i s  desired, i t  can be accomplished by s u b s t i t u t i n g  a s igna l  
p ropor t iona l  t o  t h i s  v a r i a b l e  f o r  the load c u r r e n t  con t ro l  potent iometer,  P I  e 
Figure 16 shows the breadboard of  the carbon d i o x i d e  concentrator load as 
i n s t a l l e d  i n  the LBS. The breadboard load has been operated f o r  over 600 hours 
w i t h  no f a i l u r e s ,  I t  performed as expected dur ing  t h i s  per iod.  
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B1 ower Con t r o  1 
The blower used i n  the rebreather  loop has an induc t ion  motor t h a t  operates 
from the l l 5 V  400 Hz AC power a v a i l a b l e  on modern a i r c r a f t .  
w i t h  a fan load, works w e l l  w i t h  a phase c o n t r o l .  
T h i s  type o f  motor, 
The phase c o n t r o l  shown i n  F igure 17 c o n t r o l s  the  vo l tage app l ied  t o  the blower. 
The f l o w  r a t e  s e t  p o i n t ,  P1, c o n t r o l s  the  capaci tor ,  C 1 ,  charging ra te .  When 
the vo l tage across C 1  reaches the f i r i n g  vo l tage o f  the three l a y e r  diode, (Dl) 
C 1  i s  discharged i n t o  the diode which i n  t u r n  f i r e s  the TRIAC, t u r n i n g  i t  on 
f o r  a h a l f  cycle.  When the  res is tance o f  P1  i s  low, C 1  charges q u i c k l y  and 
turns on t h e  TRIAC e a r l y  i n  the h a l f  cyc le .  Th is  a l lows the  fan t o  operate a t  
h igh speed. Conversely, when the  res is tance o f  P1 i s  high, the TRIAC f i r e s  
l a t e  i n  each h a l f  cycle,  a l l o w i n g  l i t t l e  power t o  reach the fan and causing low 
fan speeds. 
Two meters monitor vol tages and cur ren ts  associated w i t h  the  blower. These 
parameters g i v e  good i n d i c a t i o n  o f  c losed loop f low r a t e  and pressure drop. 
Thermal Contro ls  
I n t e r n a l  power losses w i l l  cause the e l e c t r o l y s i s  module and the carbon d iox ide  
concentrator  module t o  heat up. I f  no c o o l i n g  were provided the modules would 
heat up t o  temperatures grea ter  than the  desi red opera t ing  temperatures. F ins 
are provided on the module t o  b r i n g  the  i n t e r n a l  heat t o  the ou ts ide  where 
blowers a re  used t o  remove the heat and thereby cool  the modules. A thermis to r  
i s  located i n  a s t r a t e g i c  spot i n  each module t o  measure i t s  temperature. This  
thermistor  i s  connected to  an e l e c t r o n i c  c o n t r o l  which turns the module coo l ing  
blower on and o f f  t o  mainta in  a s e t  temperature as shown i n  F igure 18. When 
the module temperature goes below the  s e t  temperature, the blower i s  turned 
of f .  The i n t e r n a l  d i s s i p a t i o n  causes the  module temperature t o  increase. When 
the temperature exceeds the s e t  temperature, the c o n t r o l  turns the blower on 
t o  cool the module. 
A b lock  diagram o f  the temperature c o n t r o l  i s  shown i n  F igure 19. The thermis- 
t o r  i s  a temperature-sensi t ive r e s i s t o r  w i t h  a large, non- l inear,  negat ive 
temperature c o e f f i c i e n t  as shown by the curve i n  F igure  19. The thermis to r  
a m p l i f i e r ,  l i n e a r i z e s  the thermis to r  ou tpu t  s i g n a l ,  a m p l i f i e s  i t  and converts 
i t  t o  a low impedance l e v e l  f o r  d r i v i n g  readouts and the comparator. The com- 
para tor  c i r c u i t  compares the s igna l  from the  thermis to r  a m p l i f i e r  w i t h  the 
s ignal  from the s e t  p o i n t  which i s  a f u n c t i o n  o f  the des i red opera t ing  temperature. 
When the thermis to r  temperature i s  h igher  than the des i red temperature, the 
thermis to r  a m p l i f i e r  output  s i g n a l  i s  greater  than the  s igna l  from the se t  p o i n t .  
The comparator output  w i l l  t u r n  the AC swi tch  on and send 400 Hz power t o  the 
blower. 
a m p l i f i e r  output  drop below the s i g n a l  from the s e t  p o i n t ,  the comparator w i l l  
cause the AC swi tch t o  t u r n  o f f ,  which turns the blower o f f .  
When the thermis to r  temperature drops enough t o  make the thermis to r  
The c o n t r o l ,  w i t h  the components used i n  i t s  breadboard, w i l l  t u r n  power on and 
o f f  w i t h  a d i f f e r e n c e  i n  temperature o f  less than 0.loC. 
been tes ted  on the bench using a s imulated system. I t  was temperature cycled 
The breadboard has 
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from room temperature up t o  65OC and found t o  be q u i t e  s tab le .  Th is  bread- 
board was then i n s t a l l e d  i n t o  the labora tory  breadboard t e s t  r i g  t o  c o n t r o l  
the carbon d iox ide  concentrator  module temperature. The c o n t r o l  maintains the 
concentrator  temperature a t  the des i red value and has performed w e l l  i n  the 
b readboa r d  sys tem. 
37 
SYSTEM ACCESSORIES 
System accessories a r e  def ined as those items not  s p e c i f i c a l l y  i n  the major 
electrochemical  component subsystems, s p e c i f i c a l l y ,  the e l e c t r o l y s i s  module 
subsystem o r  the carbon d iox ide  concentrator  module subsystem. 
power c o n d i t i o n i n g  and c o n t r o l s  subsystems were descr ibed i n  a previous 
sect ion.  
i n  the rebreather  loop such as the  counter- lung and pressure c o n t r o l ,  the re- 
c i r c u l a t i n g  loop blower, and the heat exchangers. 
device i s  a l s o  discussed i n  t h i s  sec t ion .  Most o f  these accessory components 
have been mentioned o r  discussed i n  the breadboard t e s t s .  The accessories 
are requi red t o  meet performance bu t  a r e  no t  necessar i l y  f l i g h t  s i z e  o r  weight.  
Therefore, standard o f f - t h e - s h e l f  components were employed wherever poss ib le  
f o r  use i n  the labora tory  breadboard system. 
The e l e c t r i c a l  
The accessory components, therefore,  a re  the remaining components 
The hydrogen e l i m i n a t i o n  
Rebreather Loop Components 
The rebreather loop accessory components inc lude the counter- lung, counter-  
lung pressure c o n t r o l ,  r e c i r c u l a t i n g  blower and heat exchangers. 
Counter-Lung/Pressure Contro l .  - The counter- lung func t ions  as a vo lumetr ic  
gas r e s e r v o i r  t o  accommodate the v a r i a t i o n  i n  the breath ing loop gas volume as 
the a v i a t o r  inhales and exhales. I f  n o t  included i n  the c losed loop, la rge  
v a r i a t i o n s  i n  pressure would r e s u l t  making brea th ing  d i f f i c u l t .  The counter-  
lung i s  a f l e x i b l e  bag w i t h i n  a r i g i d  conta iner .  The i n s i d e  o f  the bag i s  
connected t o  the brea th ing  loop. The ou ts ide  o f  the  bag i s  pressur ized w i t h  
a i r ,  normal ly  about one inch of water pressure above cabin pressure. Th is  
prevents cabin a i r  from leak ing i n t o  the  system. A t  a l t i t u d e s  r e q u i r i n g  pres- 
sure breath ing,  the counter- lung i s  pressur ized t o  the  standard pressure 
breath ing schedule s t a r t i n g  a t  38,000 fee t  cabin a l t i t u d e .  
The a i r  pressure, which i s  equal t o  t h e  rebreather loop pressure because o f  
the f l e x i b l e  bag, i s  c o n t r o l l e d  by the  counter- lung pressure c o n t r o l  regu la to r .  
F igure 20 shows the  arrangement o f  the  counter- lung and pressure c o n t r o l .  
pressure c o n t r o l  regu la to r ,  us ing an a v a i l a b l e  a i r c r a f t  a i r  source, suppl ies 
gas p,ressure ou ts ide  the  bag dur ing  t h e  i n h a l a t i o n  p o r t i o n  o f  the breath ing 
cyc le .  An anero id c o n t r o l  f o l l o w i n g  the  requi red pressure schedule c o n t r o l s  
the pressure. 
from the pressur ized conta iner  dur ing  exha la t ion  t o  mainta in  des i red opera t ing  
pressure * 
The 
An exha la t ion  pressure compensated va lve a l lows vent ing o f  a i r  
Note the phys ica l  l o c a t i o n  o f  the demand regu la to r  i s  such t h a t  i t s  diaphragm 
i s  referenced t o  the rebreather bag conta iner  pressure which, i n  tu rn ,  i s  
already a l t i t u d e  compensated. Th is  method o f  diaphragm reference serves t o  
e l i m i n a t e  t h e  need f o r  an a d d i t i o n a l  a l t i t u d e  aneroid.  
The n i t r o g e n  vent i s  necessary t o  cont inuously  remove, from the rebreather 
loop, t h a t  n i t r o g e n  which i s  e l i m i n a t e d  from the  body c a v i t i e s ,  l i q u i d s ,  and 
t issues and t h a t  i n i t i a l l y  i n  the loop. The method o r i g i n a l l y  considered was 
t o  a d j u s t  the  rebreather bag s i z e  t o  each a v i a t o r  such t h a t  the bag would be 
s l i g h t l y  smal ler  than the a v i a t o r ' s  t i d a l  volume. (This method was l a t e r  
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abandoned i n  favor  o f  a continuous purge o f  the  rebreather loop.) 
exha la t ion  t h e  r e l i e f  va lve  w i l l  open when the  bag becomes f u l l y  i n f l a t e d  and 
the loop pressure begins t o  r i s e  above the a i r  pressure i n  the conta iner .  
Conversely, on i n h a l a t i o n ,  when the rebreather  bag becomes f u l l y  co l lapsed and 
the loop pressure begins t o  f a l l  below the a i r  pressure, the  demand r e g u l a t o r  
w i l l  open t o  supply oxygen from the  e l e c t r o l y s i s  module. 
Dur ing each 
A i r c r a f t  oxygen system component manufacturers were asked t o  recommend e x i s t i n g  
components o r  those e a s i l y  modi f ied t o  meet NAOS requirements. Th is  includes 
the counter- lung, pressure c o n t r o l  and some o f  the a u x i l i a r y  regu la to rs  and 
va 1 ves . 
Quotat ions f o r  many o f  the  accessory components were received from both Aro- 
Buf fa lo  Corp. and Scot t  A v i a t i o n .  Many items were l igh twe igh t ,  m i n i a t u r e  
components a p p l i c a b l e  t o  the  f i n a l  system. For the present program, however, 
on ly  those items which could n o t  be purchased as standard were f u r t h e r  inves- 
t iga ted .  These items included the counter- lung, counter- lung pressure c o n t r o l ,  
and oxygen demand regu 1 a t o r .  
A counter- lung was f a b r i c a t e d  from transparent p l a s t i c  t o  a l l o w  observat ion o f  
the rebreather bag dur ing  operat ion.  A standard one l i t e r  medical breath ing 
bag was used. The counter- lung design was based on ease o f  f a b r i c a t i o n  and t o  
a l low r a p i d  assembly and disassembly f o r  mod i f i ca t ions  dur ing  t e s t i n g .  
attempt was made t o  op t im ize  the s i z e  o r  shape f o r  packaging. F igure 21 shows 
the counter- lung w i t h  t h e  a i r  pressure c o n t r o l  regu la to r  and the vent va lve 
mounted. These l a t t e r  two items were purchased from Aro-Buffalo Corp. 
No 
A counter- lung a i r  pressure c o n t r o l  and an oxygen demand regu la to r  were pur-  
chased from both Scot t  A v i a t i o n  and Aro-Buf fa lo  Corp. 
d i f f e r e n t  designs t o  be tes ted  and evaluated and provided a back-up a v a i l a b l e  
i n  case o f  a f a i l u r e .  The Scot t  design has the  counter- lung pressure c o n t r o l  
regu la to r  and the oxygen demand r e g u l a t o r  i n  the same housing. Compressed a i r  
i s  metered i n t o  the counter- lung box a t  a r a t e  s l i g h t l y  h igher  than the maximum 
instantaneous breath ing f l o w  r a t e .  The a i r  e x i t s  from the box through the 
pressure compensated vent va lve which i s  c o n t r o l l e d  t o  g ive  the requi red pres- 
sure brea th ing  schedule a t  h igh  a l t i t u d e s .  The oxygen demand r e g u l a t o r  i s  
referenced t o  the  vent va lve pressure which i s  e s s e n t i a l l y  rebreather loop 
pressure 
This  al lowed two s l i g h t l y  
The Aro-Buf fa lo  system regulates compressed a i r  i n t o  the rebreather box t o  
maintain the  pressure breath ing schedule. A i r  i s  vented from the  box through 
a pressure balanced vent va lve as the box pressure r i s e s  on exhalat ion.  The 
oxygen demand regu la to r  i s  a separate component which has a pressure reference 
l i n e  t o  the  rebreather box. Both o f  the  above systems admit oxygen through 
the demand regu la to r  o n l y  when the rebreather loop pressure f a l l s  below the 
counter- lung a i r  pressure which can o n l y  occur when the rebreather bag i s  
f u l l y  col lapsed. 
The counter- lung pressure c o n t r o l  regu la to rs  and oxygen demand regu la to rs  were 
tested i n d i v i d u a l l y  and i n  a complete rebreather loop w i t h  the counter- lung 
operated by a breath ing s imu la to r .  Th is  al lowed these components t o  be tes ted  
under c y c l i c  f low cond i t ions  which could no t  be dup l ica ted  otherwise. The 
40 
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breath ing s imu la to r  i s  a modif ied animal r e s p i r a t i o n  pump w i t h  ad jus tab le  ra te,  
t i d a l  volume, and inha la t ion /exha la t ion  t ime r a t i o s .  The brea th ing  loop r e l i e f  
valve i s  a Scot t  rubber diaphragm check va lve having a crack ing pressure of  
one-hal f  inch o f  water. F igure 22 shows the brea th ing  loop t e s t  schematic. 
The brea th ing  s imu la to r  was s e t  t o  a r a t e  o f  e ighteen cycles per  minute, 0.78 
l i t e r s  t i d a l  volume, and i n h a l a t i o n  for  40 percent and exha la t ion  f o r  60 percent 
o f  the cyc le .  These c o n d i t i  ns a re  f e l t  t o  represent t y p i c a l  a v i a t o r  r e s p i r -  
a t i o n  and a r e  substantiated. '  The brea th ing  loop t e s t  incorporated a bleed of  
0.85 1 i t e r s  per  minute t o  s imulate oxygen consumption and carbon d iox ide  removal 
from the loop. A i r ,  r a t h e r  than oxygen was used i n  the loop f o r  t e s t i n g .  The 
breath ing loop pressure and the  counter- lung pressure were measured. F igure  
23 i s  a photograph o f  the  t e s t  loop. 
Test Resul ts - Aro-Buf fa lo  Regulators. - The Aro-Buffalo pressure c o n t r o l  reg- 
u l a t o r  i s  a standard F2700 type r e g u l a t o r  s e t  t o  d e l i v e r  1.7 inches o f  water 
pressure a t  s h u t o f f  t o  t h e  counter- lung f o r  p r e s s u r i z i n g  the  rebreather bag. 
I t  a l s o  provides a pressure o f  2.4 inches o f  water t o  the pressure balanced 
vent valve.  This  vent va lve i s  a normal mask type exha la t ion  va lve having a 
crack ing pressure o f  0.8 inches o f  water and a pressure drop o f  1.3 inches o f  
water a t  1.7 CFM f low.  The oxygen demand r e g u l a t o r  i s  an F241-1320 regu la to r  
modi f ied by removal o f  t h e  s a f e t y  pressure spr ing  t o  have a crack ing pressure 
of 0.4 inches o f  water below the reference pressure. 
The t e s t  r e s u l t s  o f  these components w i t h  the counter- lung and brea th ing  s i m -  
u l a t o r  were as expected from the  i n d i v i d u a l  component t e s t  r e s u l t s .  A t  i n -  
h a l a t i o n  the  counter- lung pressure dropped t o  a minimum of 1.4 inches o f  water 
and a t  exha la t ion  the  pressure increased t o  a peak of  3.8 inches o f  water.  
The corresponding pressures i n  the loop were 0.5 inches o f  water minimum a t  
i n h a l a t i o n  and 4.2 inches o f  water a t  exha la t ion .  
Only one s i g n i f i c a n t  problem was found dur ing  the t e s t i n g .  The oxygen demand 
regu la to r  had a c h a r a c t e r i s t i c  such t h a t  a s i g n i f i c a n t l y  h igher  pressure was 
requi red t o  shut o f f  the  f l o w  than was requi red t o  i n i t i a t e  f low.  Thus the 
demand regu la to r  tended t o  pressur ize the  system above the counter- lung pres- 
sure a l l o w i n g  flow out through the vent valve. This  problem was solved by 
p l a c i n g  a r e s t r i c t i o n  a t  the  regu la to r  o u t l e t  as shown i n  the  schematic. The 
r e s t r i c t i o n  was s ized by t r i a l  and e r r o r  so as no t  t o  cause the loop pressure 
t o  decrease below atmospheric pressure nor t o  a l l o w  the f low t o  p ressur ize  the 
loop. 
The operat ion o f  the  vent va lve between the brea th ing  loop and the  counter- lung 
was observed by increas ing the t i d a l  volume of  the breath ing s imulator .  When 
the t i d a l  volume exceeded the bag volume, the loop pressure increased above the 
counter- lung pressure a t  the end o f  exha la t ion .  Th is  al lowed f l o w  from the 
loop through the vent i n t o  the counter- lung a i r  space. Then, on inha la t ion ,  
the bag would f u l l y  co l lapse and the loop pressure would drop below counter- 
lung pressure a l low ing  f l o w  i n  through the demand regu la to r .  Since the t i d a l  
'Norr is ,  P .  P i  l o t ' s  Resp i ra t ion  Dur ing a Standard T r a i n i n g  F1 i g h t  Prof  i le ,  
AD 486524, September 1964. 
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volume i s  l ess  than the  bag volume, the  vent va l ve  w i l l  n o t  normal ly  operate. 
However, i t  serves as a sa fe ty  va lve  i f ,  f o r  example, exha la t i on  begins w i t h  
an i n f l a t e d  bag. 
The brea th ing  s imu la to r  was replaced w i t h  a standard mask and t r i e d  by the  
t e s t  engineer f o r  s h o r t  per iods o f  t ime t o  ge t  a " fee l "  f o r  the system. 
Operat ion seemed s a t i s f a c t o r y  and comfortable.  Operat ion can be improved by 
reducing the brea th ing  loop pressure v a r i a t i o n s .  A t  present,  t h i s  v a r i a t i o n  
i s  from 0.5 t o  4.2 inches o f  water as mentioned p rev ious l y .  By reducing the 
exha la t ion  va lve  pressure from 2.4 t o  1.2  inches o f  water,  a loop pressure 
v a r i a t i o n  from 0.5 t o  3.0 inches o f  water  w i l l  be obtained. 
Test Resul ts  - Scot t  A v i a t i o n  Regulators.  - Breath ing loop opera t ion  w i t h  the 
Scot t  regu la to rs  d i f f e r e d  from t h a t  w i t h  the Aro regu la to rs .  The Scot t  com- 
ponents requ i re  compressed a i r  t o  be metered i n t o  the  counter- lung a t  a r a t e  
s l i g h t l y  h igher  than the  maximum instantaneous brea th ing  f l o w  ra te .  The a i r  
e x i t s  from the counter- lung through a pressure loaded vent va lve  which i s  con- 
t r o l l e d  by the regu la to r .  The oxygen demand regu la to r  which i s  i n  the same 
housing as the pressure c o n t r o l  regu la to r  is referenced t o  the vent va lve  
pressure 
I n i t i a l  t e s t  r e s u l t s  o f  the Scot t  regu la to r  showed t h a t  the oxygen demand reg- 
u l a t o r  had a crack ing pressure h igher  than the counter- lung pressure.  
add i t i ona l  regu la to r  would be requ i red  t o  r a i s e  the counter- lung pressure above 
the oxygen pressure f o r  proper operat ion.  This  a d d i t i o n a l  regu la to r  would be 
a backpressure type regu la to r  located a t  the c o n t r o l  a i r  b leed o u t l e t  from the 
pressure con t ro l  regu la to r .  The same e f f e c t  was obta ined by r e s t r i c t i n g  the 
f low through the b leed p o r t .  The r e s t r i c t i o n  could be va r ied  t o  ob ta in  any 
exha la t ion  va lve pressure des i red.  A t  exha la t i on  va lve pressures above 2.0 
inches o f  water the  oxygen demand regu la to r  had a c rack ing  pressure o f  1 . 3  
inches o f  water below the exha la t i on  va lve  pressure.  
a pressure drop o f  0.8 inches o f  water a t  1.7 t o  3.5 CFM a i r  f low.  
An 
The exha la t i on  va lve  had 
Operation w i t h  the brea th ing  s imu la to r  gave r e s u l t s  s i m i l a r  t o  those obta ined 
w i t h  the Aro components. Counter-lung pressure va r ied  from 1.8 t o  4.0 inches 
o f  water f rom i n h a l a t i o n  t o  exha la t ion  w h i l e  the corresponding loop pressures 
were zero and 4.2 inches, respec t ive ly .  
The Scot t  components would requ i re  the mod i f i ca t ions  prev ious ly  ind icated,  
i .e . ,  a backpressure regu la to r ,  and the  added requirement f o r  the metered a i r  
f l ow  i n t o  the  counter- lung. For t h i s  reason, and s ince  the performance o f  the 
Aro regu la to r  was comparable, i t  was decided t o  use the Aro components f o r  
i n t e g r a t i o n  i n t o  the breadboard system. The Scot t  components were used as a 
backup. 
Rec i r cu la t i ng  Blower. - The r e c i r c u l a t i n g  blower i s  prov ided so t h a t  a steady 
flow h igher  than the brea th ing  f l ow  r a t e  i s  passed through the carbon d iox ide  
concentrator .  Th is  c i r c u l a t i n g  f l ow  minimizes temperature and humidi t y  grad- 
ien ts  i n  the module. The f l ow  r a t e  i s  3.5 CFM and a pressure drop o f  6 inches 
o f  water i s  the present design head. This  a l lows 4 inches o f  water drop i n  
the carbon d iox ide  concentrator,  1 inch i n  the check va lve and 1 inch i n  the 
duct ing.  The Rotron Model R201 r a d i a l  b lade blower was se lected t o  meet the 
s p e c i f i c a t i o n s  f o r  the carbon d iox ide  concentrator  r e c i r c u l a t i n g  loop. 
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The b lowerp ra ted  a t  115 v o l t s ,  400 Hz, had performance i n  excess o f  t h a t  
requi red by the system. A blower c o n t r o l  was designed t o  reduce the  blower 
motor vo l tage such t h a t  the  opera t ing  c h a r a c t e r i s t i c s  could be adjusted t o  
co inc ide w i t h  the system requirements. 
c h a r a c t e r i s t i c s  f o r  the  blower opera t ing  a t  var ious vol tages. The pressure 
drop through the carbon d i o x i d e  concentrator  module and r e c i  r c u l a t i n g  loop 
duct ing was measured as a f u n c t i o n  o f  f l o w  r a t e  and i s  a l s o  shown i n  F igure  
24 as “system c h a r a c t e r i s t i c . ”  The i n t e r s e c t i o n  o f  the system c h a r a c t e r i s t i c  
curve and the  blower c h a r a c t e r i s t i c  determines the  opera t ing  p o i n t .  Since 
3.5 CFM i s  the se lected f l o w  rate,  the blower motor was operated a t  70 v o l t s .  
The blower c o n t r o l  incorporates a cont inuously  v a r i a b l e  vo l tage adjustment 
which a l lows a wide range o f  operat ion.  
F igure 24 shows the pressure f low 
Two o f  the o r i g i n a l  Rotron R201 blowers f a i l e d  on t e s t  stands a f t e r  less than 
200 hours o f  operat ion.  I n t e r n a l  s h o r t  c i r c u i t s  developed i n  each motor. 
inspect ion o f  the f a i l e d  motors revealed t h a t  the l i q u i d s  had worked t h e i r  
way i n t o  the windings through leakage paths from the blower housing t o  the 
motor housing where the seal  was no t  s a t i s f a c t o r y .  
The problem was s u b s t a n t i a l l y  reduced by the manufacturer by p r o v i d i n g  b e t t e r  
sea l ing  i n  a l l  new u n i t s  as w e l l  as r e p a i r i n g  and sea l ing  the  f a i l e d  u n i t s .  
The o r i e n t a t i o n  o f  the blowers i n  the t e s t  stands was changed t o  p lace the 
motor above the blower housing. This  kept  l i q u i d s  which might e n t e r  the 
blower housing from running i n t o  the motor even i f  leaks developed i n  the 
seals.  
Heat Exchangers. - A s  shown on the system schematic, F igure 25, the heat ex- 
changers a re  used o n l y  t o  p rov ide  a comfortable temperature and humid i ty  t o  
the p i l o t .  The dehumid i f ie r  i s  a l iqu id -coo led  heat exchanger which condenses 
some o f  the  water from t h e  gas stream. The condensed water i s  separated and 
vented from the system. 
t o  p e r i o d i c a l l y  d r a i n  a water sump. 
The vent could be f loa t -opera ted  o r  t i m e r - c o n t r o l l e d  
The ceheater i s  a regenerat ive type which reheats the  dehumidif ied oxygen from 
nombnally 4OoF t o  75OF. 
120 F and i s  cooled s l i g h t l y  p r i o r  t o  the  f i n a l  dehumid i f i ca t ion .  
The warm oxygen going t o  the dehumid i f ier  i s  near ly  
The heat exchanger requirements f o r  the  NAOS systems were es tab l i shed through 
considerat ion o f  the  design requirements and opera t ing  c h a r a c t e r i s t i c s  o f  the 
breath ing loop. S p e c i f i c a l l y ,  the f o l l o w i n g  were considered: 
1 .  P i l o t ’ s  r e s p i r a t o r y  minute volume - 0.5 CFM (14 l i t e r s / m i n ) .  
2. Peak instantaneous r e s p i r a t o r y  f low r a t e  - 1.7 CFM. 
3 .  Temperature o f  breath ing oxygen t o  p i l o t  - 6OoF t o  9O0F 
(70°F t o  80°F p r e f e r a b l e ) .  
4. R e l a t i v e  humid i ty  o f  b rea th ing  oxygen t o  p i l o t  - 50% maximum. 
5. Breathing loop absolute pressure l e v e l s  3 p s i a  t o  15 p s i a .  
( l 4 , 7  p s i a  cased f o r  designing heat exchangers.) 
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6. Oxygen cond i t ions  e n t e r i n g  heat exchangers, 13OoF and 100% R.H. 
(C02 concentrator  e x i t  c o n d i t i o n s ) .  
Coolant a v a i l a b l e  - water a t  35OF t o  45OF. 7. 
From the carbon d i o x i d e  concentrator  e x i t  t o  the p i l o t ' s  mask, two coo l ing-  
heat ing stages are  requi red f o r  the oxygen stream. The oxygen which i s  a t  
13OoF and 100% R.H. i n i t i a l l y  is cooled t o  a dew p o i n t  o f  between 40°F and 
5OoF i n  a dehumid i f ier .  The oxygen i s  then reheated i n  a regenerator, w i th-  
out  the a d d i t i o n  o f  water vapor, t o  achieve the des i red temperature range and 
r e l a t i v e  humid i ty  f o r  p i l o t  comfort.  A sketch o f  the  heat exchangers i s  shown 
i n  F igure 25 along w i t h  the  r e l a t i v e  l o c a t i o n  o f  a separator t o  remove con- 
densed water vapor. The c o n d i t i o n  o f  the  oxygen stream i s  noted a t  several  
s i g n i f i c a n t  loca t ions  i n  the heat exchanger loop. 
The regenerator was f a b r i c a t e d  from r e a d i l y  a v a i l a b l e  mater ia ls .  I t  consis ted 
o f  a corrugated s t a i n l e s s  s t e e l  heat t r a n s f e r  element contained w i t h i n  a housing 
f a b r i c a t e d  from a c r y l i c  p l a s t i c  sheet and conf igured t o  achieve counter f low o f  
the two streams. The oxygen on each s i d e  o f  the heat t r a n s f e r  element f lows 
through the passages formed by the  corrugated sheet and the  a c r y l i c  housing. 
The dehumid i f ie r  i s  a water-cooled, cross-counter f l o w  heat exchanger l a t e r  
changed t o  a s h e l l  and tube c o n f i g u r a t i o n  a f t e r  the completion o f  LBS evalu- 
a t i o n  t e s t i n g .  The c o o l i n g  water makes f o u r  passes across the oxygen stream 
path w h i l e  the oxygen makes a s i n g l e  pass through the  heat exchanger. I n t e r n a l l y ,  
the heat exchanger consis ted o f  stacks o f  corrugated f i n s ,  separated by p a r t i n g  
sheets and conf igured t o  achieve the f l o w  arrangements noted above. This  heat 
exchanger was o f  an a l l  s t a i n l e s s  s t e e l  welded cons t ruc t ion .  I t  was o r i g i n a l l y  
designed and f a b r i c a t e d  f o r  another a p p l i c a t i o n  and was overs ized al though the 
pred i ctecl performance was s a t  i s  f a c t o r y .  
The brea th ing  loop heat exchangers were tes ted  i n d i v i d u a l l y  and i n  combination. 
The f i r s t  t e s t  was t h a t  o f  the dehumid i f ier ,  alone. The dehumid i f ie r  o u t l e t  
temperature was q u i t e  c lose  t o  the c o o l i n g  water i n l e t  temperature. Thus the 
dehumid i f ier  was a very e f f e c t i v e  heat exchanger and was much l a r g e r  than need 
be f o r  t h i s  a p p l i c a t i o n .  
t e s t .  F igure 25 shows t h e  t e s t  arrangement o f  the heat exchangers and the 
design condi t ions.  
f o r  the t e s t .  
The regenerat ive reheater was added f o r  the second 
F igure  26 is a photograph of  the heat exchangers i n s t a l l e d  
A reasonably good heat and mass balance was obta ined from t h i s  t e s t .  
r e s u l t  was t h a t  the reheater o u t l e t  temperature was much h igher  than desired. 
The reheater was found t o  have much h igher  heat t rans fer  c o e f f i c i e n t s '  than 
ca lcu la ted  f o r  design due t o  the r e l a t i v e l y  s h o r t  leng th  t o  diameter r a t i o  o f  
the f low passage r e s u l t i n g  i n  turbulence due t o  the  entrance e f f e c t .  The re- 
quirement f o r  the reheater was subsequently e l i m i n a t e d  because heat t r a n s f e r  
from the ambient was found t o  be s u f f i c i e n t  t o  cause the mask i n l e t  temperature 
t o  be near amb i en t tempera t u  re. 
A notable 
I t  was assumed i n  Table I t h a t  comfort cond i t ions  f o r  breath ing were s i m i l a r  t o  
those f o r  ambient a i r  environment comfort  cond i t ions .  Th is  i s  probably no t  the 
case. Environmental comfort cond i t ions  invo lve body heat r e j e c t i o n  considerat ions 
whereas heat exchange w i t h  breath ing gases i s  o f  much less importance. Future 
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evaluat ions may show t h a t  oxygen temperature and humid i ty  could l i k e l y  have a 
wide comfort  zone as long as t h e  a v i a t o r ' s  environmental a i r  i s  maintained a t  
a comfortable l e v e l .  
Hydrogen E l  iminator  
Since one of  the waste products o f  the system i s  hydrogen, i t  i s  necessary t o  
insure t h a t  the p o s s i b i l i t y  o f  an explos ion o r  f i r e  i s  e l im ina ted .  A number 
o f  methods t o  so lve  t h i s  problem were considered. The general categor ies o f  
s o l u t i o n  are: 1)  consume o r  reac t  the hydrogen, 2) s t o r e  the hydrogen and 
remove i t  a f t e r  a f l i g h t ,  and 3) vent the hydrogen i n  a safe manner. 
shows the  methods considered. 
Table V I  
Hydrogen i n  a i r  i s  flammable over the range of  four  t o  seventy - f i ve  percent 
hydrogen bv volume. The i g n i t i o n  temperature i s  near 1000°F a t  atmospheric 
pressure. Thus, burn ing i n  a i r  requi res an i g n i t i o n  source, e i t h e r  e l e c t r i c a l  
o r  c a t a l y t i c  such as a p la t inum wi re .  Hydrogen and a i r  can be reacted a t  low 
temperature on a c a t a l y s t  such as p la t inum o r  pal ladium. 
i s  requi red so t h a t  the heat o f  reac t ion  i s  c a r r i e d  away a t  a reasonable tem- 
perature.  
percent by volume must be less than f i v e  percent a t  the i n l e t  which i s  marg ina l l y  
combustible w i thout  a c a t a l y s t .  
Enough excess a i r  
I f  the  o u t l e t  gas temperature i s  t o  be below 1000°F then the hydrogen 
Another reactant  would be CuO which would reac t  w i th  hydrogen t o  form water and 
metal 1 i c  copper. This would requ i re  h i g h  temperatures ("red heat"). About 
e i g h t  pounds o f  copper ox ide would be requi red and would have t o  be replaced 
a f t e r  each f l i g h t .  
The waste gases being a mix tu re  o f  hydrogen, water vapor and carbon d iox ide  
br ings  t o  mind the Bosch Reaction. Th is  i s  the reac t ion  o f  hydrogen and carbon 
d iox ide  on an i r o n  c a t a l y s t  t o  form water and carbon. This  reac t ion  requi res 
temperatures about 120OOF. Since i n s u f f i c i e n t  carbon d iox ide  t o  complete the 
reac t ion  i s  i n  the waste gas, a d d i t i o n a l  carbon d iox ide  must be c a r r i e d  on the 
f l i g h t .  I t  may be poss ib le  t o  combine the Bosch Reaction w i t h  the above men- 
t ioned CuO react ion.  I n  t h i s  case, a l l  of  the  carbon d iox ide  i n  the waste 
gas i s  reacted w i t h  hydrogen and the remaining hydrogen is reacted w i t h  CuO. 
The water formed could be condensed and s to red  e l i m i n a t i n g  any vent ing requirement. 
Th is  method i s  q u i t e  complex. 
Storage o f  the hydrogen dur ing  the f l i g h t  would be d i f f i c u l t  s ince about f o r t y  
standard cubic  f e e t  of  hydrogen must be stored. 
t o  pump the  gas t o  a h igh  pressure tank f o r  storage. The hydrogen absorbing 
proper t ies  o f  pa l lad ium a t  f i r s t  seems a t t r a c t i v e  s ince i t  i s  reported t o  be 
able t o  absorb 870 times i t s  volume o f  hydrogen gas. Even a t  t h i s  r a t i o ,  about 
t h i r t y - s i x  pounds o f  very expensive pal lad ium would be required. 
A compressor could be employed 
L i t h i u m  can be considered f o r  hydrogen storage s ince i t s  reac t ion  w i t h  hydrogen 
i s  e a s i l y  revers ib le .  Th is  reac t ion  requi res temperatures above 1000°F. 
L i t h i u m  a l s o  has the advantage i n  t h a t  i t  reacts w i t h  carbon d iox ide  and water 
and could r e s u l t  i n  e l i m i n a t i n g  any vent ing  requirement. However, h i g h  tem- 
perature l i t h i u m  a l s o  presents p o s s i b l e  hazards. 
TABLE V I  
HYDROGEN HAZARD ELIMINATION METHODS 
Method Comments 
1. Burn i n  a i r  Excess a i r  requ i red  t o  cool products 
i gn i t e r  requ i red 
2. React w i t h  a i r ' o n  c a t a l y s t  
3 .  H2 + CuO-CU + H20 
Fe 
4. 2H2 + C02 2H20 + C 
5. Combine (3)  and (4) above, 
condense water formed 
6 .  Store waste gases 
7. Absorb i n  pa l lad ium 
9 .  Vent H2 t o  engine 
IO. Mix w i t h  a i r  and vent 
ove rboa r d  
Excess a i r  requ i red  t o  cool products 
Required h igh  temperatures, must rep lace 
CuO a f t e r  f l i g h t s  
Requires h igh  temperatures and must ca r ry  
C02 fo r  reac t i on  
Requires h igh  temperatures and coolant  
for condenser b u t  e l im ina tes  a l l  ven t ing  
Requires compressor and tank 
Heavy and expensive 
Requires h igh  temperature bu t  can 
regenerate 
Gets w e l l  d i l u t e d  
Non-combustible, no hazard 
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The t h i r d  method, t h a t  o f  ven t ing  the hydrogen, i s  the  s implest .  The hydrogen 
must be vented t o  a safe p lace where i t  could no t  accumulate. 
t o  the  j e t  engine i n l e t  would insure mix ing and d i l u t i o n  w i t h  very l a r g e  quan- 
t i t i e s  o f  a i r .  I f  t h i s  cannot be done, then mix ing w i t h  a i r  t o  below the  com- 
b u s t i b l e  l i m i t  w i l l  a l l o w  vent ing anywhere. 
Vent ing d i r e c t l y  
I t  appears t h a t  d i l u t i n g  the hydrogen wi th  a i r  t o  below the combustible l i m i t  
would a l l o w  d i r e c t  vent ing w i t h  no hazard. However, a hydrogen-air c a t a l y t i c  
reactor  w i l l  be u t i l i z e d  s ince t h i s  would remove the  hydrogen from the  exhaust 
gases i n  the s implest  manner. Again standard o r  near standard components were 
sought al though a f l i g h t  weight and packaged system would r e q u i r e  a new design. 
A hydrogen reac tor  was purchased from MSA Research. This  u n i t  included an a i r  
blower t o  mix a i r  w i t h  the  NAOS hydrogen exhaust, a heated c a t a l y t i c  reac tor  
which would cause the hydrogen t o  react  w i t h  oxygen i n  tp air-hydrogen mixture,  
and a heater  c o n t r o l  t o  mainta in  the c a t a l y s t  bed a t  600 F. 
The a i r  blower suppl ies 4 . 3  CFM t o  mix w i t h  the  nominal 0.03 CFM of  hydrogen 
exhausted by the system. 
hydrogen en ters  the c a t a l y t i c  reactor .  The low hydrogen percent i n  the a i r  
assures t h a t  the mix tu re  would no t  be combustible o r  explos ive.  
Thus a mix tu re  o f  near one percent concentrat ion of 
The MSA u n i t  was tes ted  by measuring the  o u t l e t  a i r  dew p o i n t  temperature w i t h  
and w i thout  the hydrogen f l o w  input .  From the dew p o i n t  temperatures the 
change i n  moisture content o f  the  e x i t  a i r  stream could be r e l a t e d  t o  the  
hydrogen reacted t o  form water. Wi th in  the measurements' accuracy, t h i s  u n i t  
was found t o  react  a l l  o f  the i n l e t  hydrogen. The MSA u n i t  was too la rge  and 
complex, there fore  i t  was decided t h a t  a much smal ler  reac tor  could be designed 
and f a b r i c a t e d  using a more s u i t a b l e  c a t a l y t i c  bed design. 
Samples o f  pa l lad ium-t reated asbestos sheet were obtained from U c i n i t e  D i v i s i o n  
o f  United-Carr. This mater ia l  i s  used commercial ly i n  the vent o f  se l f -c lean ing  
ovens to react  hydrocarbons. This mater ia l  was found t o  react  hydrogen and a i r  
a t  room temperature and t h e r e f o r e  would be usable i n  a hydrogen e l i m i n a t o r  
w i thout  the requirement f o r  the a d d i t i o n  of heat. 
A u n i t  w\as f a b r i c a t e d  having a c a t a l y s t  bed 1.5 inches i n  diameter and 3 . 0  
inches long. The bed i s  a s p i r a l  winding o f  the pal lad ium-t reated asbestos 
w i t h  a corrugated s t e e l  spacer f o r  gas passage. The hydrogen i s  pre-mixed w i t h  
a i r  upstream o f  the bed by a p r o p e l l e r  type b a f f l e .  F igure 27 i s  a photograph 
o f  the u n i t .  
The u n i t  was tested by measuring the a i r  and hydrogen f lowrates and the i n l e t  
and o u t l e t  temperatures. The q u a n t i t y  o f  hydrogen reacted was then computed 
from the heat of  reac t ion  of  the hydrogen and oxygen i n  the a i r .  
A heat balance showed t h a t  85 percent o f  the hydrogen was reacted. However, 
the heat losses lower the  measured o u t l e t  temperature and consequently the 
t r u e  percentage o f  hydrogen reacted i s  l a r g e r  than t h i s  amount. The t e s t  of 
the hydrogen reac tor  shows t h a t  i f  such a device i s  requi red i t  can be made 
reasonably small and requi res o n l y  a i r  t o  operate i t . 
53 
54 
LABORATORY BREADBOARD SYSTEM TESTS 
The purpose o f  the breadboard system was t o  determine system performance and 
component I n t e r a c t i o n s ,  and t o  i d e n t i f y  and solwe any system i n t e g r a t i o n  
problems. 
ref lnements. The breadboard system has components f u n c t i o n a l l y  connected 
w i thout  regard t o  f i n a l  o r i e n t a t i o n  o r  packaging. I n  t h i s  way s u f f i c i e n t  i n -  
s t rumentat ion t o  monijtor i n t e r f a c e  cond i t ions  and determine system performance 
was e a s i l y  incorporated. I n  add i t ion ,  components were e a s i l y  added o r  changed, 
There were two phases i n  the breadboard system t e s t i n g .  
Thts was most economical ly c a r r i e d  o u t  p r i o r  t o  f i n a l  designs o r  
Phase 1 invo lved endurance t e s t i n g  o f  the  electrochemical  components separate ly  
w i t h  l i t t l e  change i n  the  t e s t  r i g  dur ing  the t e s t s .  Phase 2 was an e v o l u t i o n  
i n t o  the f i n a l  breadboard systems by the  addition of  components so t h a t  i n t e r -  
a c t i o n  problems could be more r e a d i l y  i d e n t i f i e d  and solved. 
Endurance Tests 
The endurance t e s t  r i g s  were near ly  i d e n t i c a l  to  the  prevPously designed e lec-  
t r o l y s i s  module and carbon d iox ide  concentrator  module t e s t  r i g s .  A major 
d i f f e r e n c e  i s  t h a t  for the  e l e c t r o l y s i s  module the cur ren t  c o n t r o l  u n i t  was 
the u n i t  f a b r i c a t e d  as a breadboard f o r  the power c o n d i t i o n i n g  development 
task. This  al lowed t e s t s  t o  be conducted w i th  the  automatic pressure c o n t r o l  
as w e l l  as manual c u r r e n t  c o n t r o l .  Another d i f f e r e n c e  was t h a t  f o r  the carbon 
d iox ide  concentrator  module, the Kordesch-Marko b r i d g e  network was not  employed 
i n  the load c o n t r o l  c i r c u i t .  instead, a breadboard of  the ’load c o n t r o l  developed 
f o r  the f l i g h t  breadboard system was used. 
E l e c t r o l y s i s  Module. - Figure 28 shows the  labora tory  breadboard system as 
conf igured f o r  endurance t e s t i n g .  The endurance t e s t i n g  of  e l e c t r o l y s i s  module 
No. 2-was accomplished as p a r t  o f  the Breadboard System-Test Plan. 
condi t ions se lected f o r  the  endurance t e s t  were as fo l lows:  
The opera t ing  
Current Qens l ty :  
Stack Tempera t u  r e  : 
80 t o  100 ASF 
165OF (avg.) 
Oxygen Pressure Level : 14 p s i g  (avg.) 
Oxygen t o  Hydrogen Pressure D i f f e r e n t i a l :  0 t o  1.5 p s i d  
The endurance t e s t  o f  e l e c t r o l y s i s  module No. 2 was terminated a f t e r  1,562 
o f  operat ion.  Th is  opera t ing  t ime exceededo by f i v e  days, the scheduled s i x t y -  
day t e s t  dura t ion ,  F igure 29 shows the  average c e l l  vo l tage and cur ren t  dens i ty  
as a f u n c t i o n  o f  t ime f o r  the e n t i r e  t e s t  per iod.  The operat lng cond i t ions  o f  
the module dur ing  the  endurance t e s t s  a r e  a l s o  shown on t h i s  f i g u r e .  
The average c e l l  vo l tage ranged from 1.8 t o  2.3 v o l t s .  
a t o t a l  o f  630 hours a t  a cur ren t  dens i ty  o f  100 ASF. 
t h i s  t ime the average c e l l  vo l tage remained a t  less than 2.0 v o l t s .  E igh t  
hundred e i g h t y  (€380) hours o f  module t e s t i n g  was conducted a t  a cur ren t  dens i ty  
of  88 During 88 percent o f  t h i s  t ime the average c e l l  vo l tage remained 
a t  less than 2 - 0  v o l t s ,  Table \ I l l  l i s t s  elapsed time, causes and c o r r e c t i v e  
The module operated f o r  
Dur ing 57 percent o f  
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Elapsed Time, 
Hours 
113.1 
231.7 
375.1 
445.2 
538.4 
602.3 
655.2 
668.0 
693.5 
700.5 
101 1.5 
1109.2 
1200.0 
1230.0 
1499.9 
1562.0 
TABLE VI I 
BREADBOARD SYSTEM ELECTROLYSIS MODULE 
SHUTDOWN SUMMARY 
Cause of Shutdown Corrective Action 
Differential pressure control 
malfunction; module flooded and 
f 1 ushed 
H2 vent solenoid valve failure; 
module f 1 ushed 
Water cavity vent solenoid 
valve failure; water cavities 
f 1 ushed 
D i f feren t i a 1 pressure control 
malfunction; module flushed 
P 1 ant power shutdown 
Plant power shutdown 
Module flush; overvoltage 
shutdown 
Differential pressure shutdown 
Overvoltage shutdown 
Crossleak between O2 and H2 
cavities in Cell No. 1 
Feed water solenoid valve mal- 
function with electrolyte back- 
flush resulting in overvoltage 
shutdown 
Woluntary shutdown 
Overvoltage shutdown; module 
completely dry; possible feed 
water solenoid malfunction 
Feed water solenoid valve mal- 
function, condenser trap leak 
Momentary power failure 
Scheduled termination of 
endurance test 
Modu 1 e recharged 
Modu 1 e recharged 
Restart 
Modu 1 e recharged 
Restart 
Res tart 
Res tart 
Res tart 
Modu 1 e recharged 
Rebuilt Cell No. 1; 
modu 1 e recharged 
Restart 
Modu 1 e recharged 
Restart 
Valve and trap 
replaced, module 
restart 
Restart 
action taken for the various module shutdowns. Only two shutdowns occurred 
during the final fifteen days of testing. 
valve malfunction and a condenser trap leak while the second was caused by a 
momentary power fai lure. 
The first was due to a solenoid 
During the 1,562 hours of testing, the module was recharged six times with 
fresh electrolyte. 
occurred immediately prior to schedule test termination. Most recharges were 
required after electrolyte was flushed out of the cell matrices during module 
flooding. The latter normally was caused by solenoid valve and/or differential 
pressure control malfunctions. Solenoid valve or differential pressure control 
malfunctions accompanied by cell flooding and/or flushing invariably resulted 
in accelerated performance degradation. Each time a module recharge was even- 
tually necessary to restore original performance. No apparent reason for the 
crossleak in Cell No. 1 (at 700.5 hours) could be determined at module 
disassembly. The water cavity spacer screen and the two asbestos support 
screens, all made from polypropylene, had melted immediately opposite the 
crossleak location. The three screens and the asbestos matrices o f  Cell No. 1 
were replaced prior to reassembly of the module. A close inspection of the 
cell components at disassembly showed no appreciable sign of corrosion. After 
termination of the endurance tests, the electrolysis module was removed from 
the test stand and was filled with electrolyte. 
The longest period without recharge was 453 hours and 
GO Concentrator Module. - Module No. SN02 was endurance-tested in the bread- -2 board test rig and accumulated 528 hours on load. The performance of the module 
is presented in Figure 30. 
at an operating point similar to that expected to be used during breadboard 
A significant portion of the testing was accomplished 
testing. 
of the module is summarized in Table I X .  
The operating point is summarized in Table V I  I I .  
Breadboard System Integration 
At the conclusion of the endurance testing of the electrolys 
carbon dioxide concentrator, the test stand was modified and 
make a complete breadboard of the system. The modifications 
- 
he shutdown h i story 
s module and the 
interconnected to 
included the addi- 
tion of the rebreather loop components, i .e., counter-lung, oxygen demand reg- 
ulator, dehumidifier and water separator. Oxygen from the electrolysis sub- 
system was connected to the oxygen demand regulator, and the hydrogen line was 
connected to the carbon dioxide concentrator. The breathing simulator was 
added to the system to "close the loop" in the rebreather. The regenerative 
heat exchanger intended for reheating the oxygen after leaving the dehumidifier 
was not installed in the breadboard because calculations showed that the oxygen 
would exchange heat with the environment to reach near ambient temperature by 
the time it reached the aviator. Figure 31 shows the breadboard system schematic. 
Water Electrolysis Subsystem (WES). - The water electrolysis subsystem is com- 
posed of the electrolysis module, water reservoir, oxygen pressure control, 
pressure balance regulation, a cooling loop, and water vapor condensers and 
traps. A solenoid valve between the water reservoir and electrolysis module 
is closed when the system is not in operation to prevent flooding of the cells. 
During operation this valve is open and the proper differential pressures are 
maintained by the differential regulator in the oxygen line and the backpressure 
regulator in the hydrogen line. 
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TABLE VI I I 
COP CONCENTRATOR BREADBOARD SYSTEM 
ENDURANCE TEST OPERATING POINT 
COP Transfer  Rate 0.43 s l /min k.04 
Current  
Temperature 
7.6 amperes 
103OF 24 
O 2  C i r c u l a t i o n  Rate 2.5 CFM 
H 2  Flowrate 1 .2  s l /min 
PERFORMANCE OF MODULE 
%COP a t  O2 Exi t 0.3% f 
Voltage Output 3.8 vo 
2 
t s  f . 2  
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TABLE I X  
CQ2 CONCENTRATOR ENDURANCE TEST 
SHUTDOWN SUMMARY 
Elapsed Time, 
Hours 
32.0 
50.6 
51.1 
123.1 
147.7 
247.7 
269.3 
272.5 
278.2 
358 7 
455.9 
528 a 0 
C ros sove r 
A i  r-Heater Blower, cross leak 
H2 ma 1 d i s t r i b u t i on 
H2 m a l d i s t r i b u t i o n  
H2 ma 1 d i s t r i b u t  i on 
SN022 - s t a r t  
H2 m a l d i s t r i b u t i o n  
SN023 - s t a r t  
H2 p r e - h u m i d i f i e r  f a i l u r e  by 
c rossove r 
Crossleak 
Flooded ou t  s tack 
Crossleak 
No. 1 c e l l  negat ive 
No. 1 c e l l  negat ive 
No. 1 c e l l  .negat ive 
Crossleak, c i r c u l a t i n g  pump 
f a i l u r e  
S t a r t  Breadboard System Tes t ing  
Recharged 
I n s t a l l  H2 l i n e  humid- 
i f i e r ,  r e p a i r  TC and 
recharge 
Humidify ove rn igh t  
H2 h u m i d i f i e r  removed 
Rebui I d  
30 m i l  F.C.B.'s and 
mod i f i ed  H2 passages 
Rebui I d  
Ser ies f low for H2 
P re -humid i f i e r  f o r  H2 
New f l a s k  and gas d i s -  
pe rs ion  tube design 
Recharge, opera t i ona 1 
temperature 1 owe red 
Raise s tack temperature 
Recharged 
Res ta r t  
Res t a r t  
Recharged, retorqued 
Replaced pump 
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The oxygen pressure c o n t r o l  senses the  oxygen pressure w i t h  a t ransducer and 
uses t h i s  s igna l  t o  a d j u s t  the c u r r e n t  f l o w  i n t o  the  e l e c t r o l y s i s  module. 
c h a r a c t e r i s t i c s  o f  t h i s  c o n t r o l  a re  such t h a t  the  c u r r e n t  remains constant as 
the pressure r i s e s  to  a s e t  pressure. A t  t h i s  pressure the  c u r r e n t  decreases 
l i n e a r l y  w i t h  pressure u n t i l  the  c u r r e n t  i s  zero a t  the  s h u t o f f  pressure. 
The 
The c o o l i n g  loop incorporates a blower, heater  and temperature c o n t r o l l e r .  The 
c o n t r o l l e r  regulates power t o  t h e  a i r  heater  t o  mainta in  the  e l e c t r o l y s i s  module 
a t  cons tan t temperature . 
The condensers and t raps  i n  the  oxygen and hydrogen l i n e s  are  used t o  condense 
moisture a t  h igh  c e l l  opera t ing  temperatures. The condensers can be bypassed 
when no t  used. The check valves prevent backf1,ow i n t o  the e l e c t r o l y s i s  module 
when the  system i s  not  operat ing.  The s h u t o f f  va lve  i n  the  oxygen l i n e  prevents 
oxygen loss through the  demand r e g u l a t o r  i n  the  event t h a t  t h e  rebreather  loop 
i s  opened. 
damp out  pu lsa t ions  caused by the  p e r i o d i c  operat ion o f  the  demand regu la to r .  
C Q  -2 
i s  composed of the carbon d i o x i d e  concentrator  module, oxygen c i r c u l a t i n g  loop, 
inc lud ing  a blower and check valve, an e l e c t r i c a l  load c o n t r o l ,  and a c o o l i n g  
system. The c i r c u l a t i n g  loop provides f o r  continuous oxygen f l o w  through the 
carbon d i o x i d e  concentrator  independent o f  the  p e r i o d i c  breath ing f lowrates,  
The r e s t r i c t i o n  and accumulator were added t o  the oxygen l i n e  t o  
Concentrator Subsystem (CDCS) . - The carbon d i o x i d e  concentrator  subsystem 
The load c o n t r o l  maintains a constant c u r r e n t  f l o w  through the concentrator  
and load r e s i s t o r s  independent o f  the concentrator  vol tage. The c o o l i n g  system 
incorporates a temperature c o n t r o l l e r  which turns an a i r  blower on when the  
concentrator reaches a s e t  temperature. 
Rebreather Subsystem (RS) . - The rebreather  loop contains the  counter- lung, 
oxygen demand regulator ,  dehumid i f ier  and water separator.  The counter- lung 
incorporates an a i r  pressure c o n t r o l  and a brea th ing  loop vent valve.  The 
oxygen demand regu la to r  is referenced t o  the counter- lung pressure. The de- 
h u m i d i f i e r  reduces the dew p o i n t  o f  the  oxygen de l i vered  t o  the breath ing 
machine t o  near SOOF. The coolant  i s  water suppl ied from a coo le r  w i t h  tem- 
perature c o n t r o l  a The water separator removes the condensed water and s tores 
i t  i n  a sump. The sump has a manual d r a i n  valve.  
The labora tory  breadboard includes a b rea th ing  s mulator  which incorporates 
ad jus tab le  t i d a l  volume, b rea th ing  ra te ,  and var  a b l e  inha la t ion /exha la t ion  
r a t e  r a t i o s .  A carbon d i o x i d e  supply f lowmeter s used t o  add carbon d iox ide  
t o  the system a t  the  design metabol ic r a t e .  The oxygen bleed flowmeter is 
used t o  d u p l i c a t e  oxygen metabol ic consumption. An analyzer i s  i n s t a l l e d  i n  
the oxygen l i n e  to  measure carbon d i o x i d e  content i n  the breath ing loop. 
Another analyzer i n  the hydrogen l i n e  i s  used t o  check carbon d iox ide  removal 
ra tes versus the carbon d i o x i d e  f l o w r a t e  added t o  the  system. 
F igure 32 i s  a photograph of the labora tory  breadboard. F igure 33 shows some 
of the rebreather components i n s t a l l e d .  
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FIGURE 33 MAOS LABOMTORY BREADBOARD REBREATHER COMPONENTS 
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System Test ing  
I n t e r f a c e  Tests. 
the e l e c t r o l y s i s  
cur ren t  t o  the e 
- P r i o r  t o  conducting t e s t s  w i t h  the  e n t i r e  breadboard system, 
module oxygen pressure c o n t r o l  was pre-set  t o  shut o f f  the 
l e c t r o l y s i s  module a t  80 ps ia.  The pressure c o n t r o l  band was 
se lected t o  be 6 p s i .  Th is  would a l l o w  the c u r r e n t  t o  be steady w i t h  small  
pressure v a r i a t i o n s ,  y e t  a l l o w  a f u l l  c u r r e n t  o f  28 amps a t  74 ps ia .  
The s e t  p o i n t  could be s h i f t e d  by a manual potent iometer adjustment and was 
found t o  have the same 6 p s i  range between shut o f f  and f u l l  cur ren t  a t  55 ps 
a lso.  For near ly  a l l  o f  the  t e s t s  t h a t  f o l l o w ,  the  pressure c o n t r o l  remained 
a t  the  80 p s i  shut o f f  s e t t i n g .  A t  the design c u r r e n t  o f  22.3 amps, the  resu 
ing oxygen pressure was 75 ps ia.  
a 
t- 
The f i r s t  t e s t s  invo lved examining the  e f f e c t s  o f  the p e r i o d i c  oxygen f l o w  
demands o f  the  demand r e g u l a t o r  on the  e l e c t r o l y s i s  subsystem. I t  was observed 
t h a t  the pressure balancing regu la to rs  a t  the e l e c t r o l y s i s  module had dynamic 
c h a r a c t e r i s t i c s  such t h a t  s l i g h t  v a r i a t i o n s  i n  the  hydrogen-water pressure 
d i f f e r e n t i a l  would occur when the  demand r e g u l a t o r  p e r i o d i c a l l y  opened. 
These p e r i o d i c  v a r i a t i o n s  i n  pressure d i f f e r e n c e  would cause some degree o f  
f l e x i n g  o f  the water feed m a t r i x  w i t h i n  the e l e c t r o l y s i s  module and there fore  
should be minimized. By v a l v i n g  i n  and o u t  the  r e l a t i v e l y  l a r g e  t raps i n  the 
oxygen and hydrogen l i n e s  upstream o f  the  regulators ,  i t  was shown t h a t  the 
upstream volume had very l i t t l e  e f f e c t  on these pu lsa t ions .  Operation a t  
pressure l e v e l s  between 50 and 80 p s i a  showed l i t t l e  e f f e c t  o f  pressure l e v e l  
on the d i f f e r e n t i a l  pressure v a r i a t i o n s .  
I t  was concluded t h a t  the  pressure v a r i a t i o n s  were c h a r a c t e r i s t i c s  o f  the  
regulators  and the  v a r i a t i o n s  could eventua l l y  be e l im ina ted  by us ing d i f f e r e n t  
regu la to rs  w i t h  f a s t e r  response c h a r a c t e r i s t i c s .  
sure v a r i a t i o n s  i n  the e x i s t i n g  breadboard, a r e s t r i c t i o n  i n  the oxygen l i n e  
was added upstream o f  the  demand regu la to r .  The r e s t r i c t i o n  smoothed ou t  the 
p u l s a t i n g  f l o w  demands downstream so t h a t  upstream pressure v a r i a t i o n s  were 
very s l i g h t ,  about 8.1 p s i  compared t o  about 0.5 p s i  w i thout  the r e s t r i c t i o n .  
I n  order  t o  reduce the pres- 
However, t h e  r e s t r i c t i o n  caused the pressure v a r i a t i o n s  downstream t o  be very 
la rge  due t o  the r e l a t i v e l y  small  volume i n  the  l i n e  between the r e s t r i c t i o n  
and the demand regu la to r .  The a d d i t i o n  o f  an accumulator f a b r i c a t e d  from a 
s i x  inch length  o f  one-hal f  inch diameter tub ing was found t o  g i v e  t o l e r a b l e  
pressure v a r i a t i o n s  o f  about 28 p s i  upstream o f  the demand regu la to r .  
Another t e s t  o f  the pressure balance regu la to rs  under t r a n s i e n t  cond i t ions  was 
t o  s imulate an a v i a t o r  removing h i s  mask w i thout  s h u t t i n g  o f f  the  oxygen supply 
t o  the  demand regu la to r .  
about 1.5 inches o f  water, removing the  mask would a l l o w  a la rge  oxygen leakage 
unless the supply were shut o f f .  
connected from the brea th ing  machine. Since very l i t t l e  storage volume i s  i n  
the present system plumbing, t h i s  l a r g e  leakage r a t e  caused the  oxygen supply 
pressure t o  drop from 75 p s i a  t o  45 p s i a  i n  s i x  seconds. 
the hydrogen-water d i f f e r e n t i a l  pressure s h i f t e d  from a nominal 1.5 p s i  t o  
2.5 p s i  and the oxygen-hydrogen d i f f e r e n t i a l  pressure changed from a nominal 
Since the system operates w i t h  a s a f e t y  pressure o f  
To d u p l i c a t e  t h i s  e f fec t ,  a hose was d i s -  
Dur ing t h i s  i n t e r v a l  
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near zero t o  2.0 p s i .  These changes are  considered t o  be e n t i r e l y  sa fe  and 
s a t i s f a c t o r y  f o r  t h i s  severe t e s t  , 
Star t -up-  - The s t a r t - u p  procedure for the  breadboard system was t o  s imulate 
the procedure which Is envis ioned f o r  an a i r c r a f t  system. F i r s t ,  the  e lec-  
t r o l y s i s  subsystem i s  energized. This  turns on the e l e c t r o l y s i s  power c o n t r o l  
and temperature c o n t r o l .  
f low t o  t h e  dehumid i f ier  i s  turned on. 
sure r i s e s  t o  near 80 p s i a  the pressure c o n t r o l  decreases the cur ren t .  When 
t h i s  p o i n t  i s  reached t h e  manual supply va lve i s  opened t o  connect the  e lec-  
t r o l y s i s  subsystem t o  the demand regu la to r .  
The a i r  supply t o  the counter- lung, and the  coolant  
As the  e l e c t r o l y s i s  module o u t l e t  pres- 
The demand regu la to r ,  which i s  referenced t o  the counter- lung pressure, then 
pressur izes the rebreather  loop t o  the safety  pressure o f  1.5 inches of  water. 
The Carbon Diox ide Concentrator Subsystem i s  then energized. Th is  c loses the 
ex terna l  e l e c t r i c a l  c i r c u i t  through the  load c o n t r o l  t o  mainta in  7.6 amps cur-  
ren t  f low. A t  the same t ime the oxygen c i r c u l a t i n g  blower and carbon d iox ide  
concentrator temperature c o n t r o l  are turned on. The breath ing machine i s  turned 
on as w e l l  as the oxygen bleed and the carbon d iox ide  i n f l o w  t o  s imulate 
metabol ic consumption o f  oxygen and r e j e c t i o n  o f  carbon d iox ide.  
I n  a f i n a l  a i r c r a f t  system, the s t a r t - u p  would invo lve  two steps. The f i r s t  
would be t o  t u r n  on a swi tch  energ iz ing  the e l e c t r o l y s i s  subsystem. When 
the oxygen pressure r i s e s  t o  the design l e v e l  an i n d i c a t o r  lamp would s igna l  
t h a t  the system i s  ready. A t  t h i s  p o i n t  the a v i a t o r  would don h i s  mask and 
t u r n  on a second swi tch  which would open the  oxygen va lve t o  the demand reg- 
u l a t o r  and energize the Carbon Diox ide Concentrator Subsystem. He could now 
begin breath ing w i t h  the system. 
I n  order  t o  demonstrate operat ion o f  the  n i t r o g e n  vent va lve i n  the  counter- lung, 
a ser ies  o f  t e s t s  were conducted t o  s imulate the purgfng of the system a t  s t a r t  
up. The rebreather bag i n  the counter- lung has a volume of one l i t e r .  The 
n i t rogen vent operat ion was obtained by a d j u s t i n g  the  t i d a l  volume on the 
breath ing s imu la to r  t o  volumes s1 i g h t l y  l a r g e r  than one 1 i t e r .  Three d i f f e r e n t  
s e t t i n g s  were t r i e d  t o  sirnulate three d i f f e r e n t  purge rates.  
Prior t o  s ta r t -up ,  the  system was f lushed w i t h  a i r .  The oxygen concentrat ion 
i n  the breath ing gas was measured on a Beckman E2  Analyzer w i t h  samples taken 
from the i n h a l a t i o n  l i n e  a t  the i n l e t  t o  the brea th ing  s imulator .  Readings 
were taken every minute dur ing  the run. The s t a r t - u p  procedure was as o u t l i n e d  
above except t h a t  no oxygen bleed f low was used, therefore,  a l l  of the purge 
f low was through the vent valve. The r e s u l t s  o f  these t e s t s  are shown i n  
F igure 34. 
I t  was found t h a t  these t e s t  r e s u l t s  f i t t e d  very c l o s e l y ,  the equat ion der ived 
f o r  a continuous bleed from a well-mixed conta iner .  This showed t h a t  the vent 
va lve Operation was cons is ten t  dur ing these t e s t s .  
up could be achieved by opening the oxygen va lve to  the demand regu la to r  a few 
seconds p r i o r  t o  donning the mask which would purge the system a t  a h i g h  r a t e  
through the mask. Another a l t e r n a t i v e  would be t o  manually open an auxi  1 i a r y  
purge va lve a f t e r  donning the mask and t u r n i n g  on the oxygen supply. 
A more rap id  purge a t  s t a r t  
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Steady-State Operation. - Several one-hour t e s t s  were conducted i n  o rder  t o  
determine the  e f f e c t  o f  b rea th ing  r a t e  on the carbon d i o x i d e  l e v e l  i n  the 
i n h a l a t i o n  l i n e .  No trends were observed and i n  a l l  cases the carbon d iox ide  
p a r t i a l  pressure was a t  a safe leve l  o f  between 2.0 and 7.6 mm Hg w i t h  most 
data near 4.0 mm Hg, 
of 18 breaths/minute a t  a 0.78 l i t e r  t i d a l  volume. 
Most o f  the  data was a t  the design opera t ing  c o n d i t i o n  
I n  a l l  cases, carbon dtioxide i n f l o w  was constant a t  0.117 l b / h r  and the  oxygen 
bleed r a t e  was constant a t  0.10 lb/hr.o The water coolant  temperature t o  the 
dehumid i f ie r  was near ly  constant a t  53 F. The h i g h  e f fec t i veness  o f  the  de- 
h u m i d i f i e r  r e s u l t e d  i n  e x i t  dew p o i n t  temperatures near t h i s  value. The oxygen 
temperature a t  the i n l e t  to  the  brea th ing  machlge reached temperatures equal 
t o  the ambient as was a n t i c i p a t e d .  Thus, a t  70 F t o  8OoF, the r e l a t i v e  humid- 
i t y  i n  the  brea th ing  gases was between 40 and 60 percent which i s  c lose  t o  the 
des i red 50 percent.  
condi t ions.  
Table X shows a summary o f  breadboard system opera t ing  
Operation o f  t h e  breadboard was accomplished w i t h o u t  operat ion of  the  oxygen 
c i r c u l a t i n g  blower a t  the  carbon d iox ide  concentrator .  Th is  was done t o  de- 
termine i f  the brea th ing  f lowra tes  were s u f f i c i e n t  t o  cause the t r a n s f e r  o f  
carbon d i o x i d e  i n  the concentrator  a t  low carbon d i o x i d e  p a r t i a l  pressures. 
I n  t h i s  case, the e f f e c t  o f  breath ing r a t e  i s  apparent s ince t h i s  i s  the  f l o w  
r a t e  through the carbon d iox ide  concentrator .  With the blower operat ing,  how- 
ever, the  nominal b rea th ing  ra tes  o f  0.5 CFM would have l i t t l e  e f f e c t  when 
superimposed on the blower f l o w  o f  3 CFM. F igure 35 shows the r e s u l t s  obtained 
w i thout  the  blower operat ing.  
A t  the low f lowra te ,  the carbon 
out .  Increas ing the  breath ing 
A t  the end o f  the t h i r d  hour o f  
experienced a crossleak between 
r i s i n g  c e l l  temperatures necess 
The crossleak was a t t r i b u t e d  t o  
end. 
en ter  
the h 
d iox ide  l e v e l  r i s e s  bu t  i s  q u i t e  safe and l e v e l s  
a t e  lowers the carbon d iox ide  concentrat ion.  
operat ion,  the carbon d iox ide  concentrator  
the  hydrogen and oxygen sides r e s u l t i n g  i n  
t a t i n g  s h u t t i n g  down the system. 
d r y i n g  ou t  o f  the c e l l s o a t  the oxygen i n l e t  
Th is  would be caused by the r e l a t i v e l y  dry  ( - 5 5  F dew p o i n t )  oxygen 
ing  the Concentrator. Th is  may n o t  occur i n  ac tua l  a p p l i c a t i o n  due t o  
igh humid i ty  o f  exhaled breath ing gases w i t h  a dew p o i n t  o f  98OF. Cross- 
leakage is less l i k e l y  t o  occur w h i l e  opera t ing  w i t h  the blower s ince the  dry  
gases are  mixed w i t h  a much l a r g e r  f low r a t e  o f  gases i n  e q u i l i b r i u m  w i t h  the 
carbon d i o x i d e  concentrator.  
This t e s t  d i d  show t h a t  r e s p i r a t i o n  f lows alone, a r e  s u f f i c i e n t  t o  operate the 
carbon d i o x i d e  concentrator  and mainta in  safe l e v e l s  o f  carbon d i o x i d e  i n  the 
rebreather loop, Th is  ind ica tes  that  i t  may be poss ib le  t o  e l i m i n a t e  the blower 
and c i r c u l a t i n g  loop from the system. I f  the  blower i s  re ta ined f o r  the humid- 
i f i c a t i o n  considerat ion and/or t o  make breath ing eas ier ,  then a blower f a i l u r e  
i s  not  an emergency s i t u a t i o n  s ince  up t o  th ree  hours of  system opera t ion  have 
been demonstrated w i thout  blower operat ion.  
The t o t a l  operat ing t ime was 103.5 hours. Th is  represents over 100,000 breath ing 
cyc les on t h e  system and 3s approaching the  range of present oxygen equipment 
1 i f e  requirements. 
70 
TABLE X 
NAOS LABORATORY BREADBOARD 
OPERATING CONDITIONS 
O2 Generation Rate 
O2 Generatlon Pressure 
C02 Concentrator Current 
Breathing Simulation: 
Respiration Rate 
Tidal Volume 
O2 Bleed 
c02 Inflow 
Breathing Gas Belivered at: 
Tempera t u re 
Relative Humidity 
Total Pressure 
CQ2 Partial Pressure 
Operating Time 
Number o f  Start-ups 
0.15 lb/hr 
73 psia 
7.6 amps 
10-30 cycles/min 
0.5-1 .O 1 iter 
0.10 Ib/hr 
0.117 lb/hr 
70°F-800F 
40%-60% 
1 atm. 
2.0-7.6mm Hg 
105.4 hrs 
29 
Longest Continuous Run 8.2 hrs 
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Several t e s t s  were conducted t o  determine the  capaci ty  o f  the carbon d i o x i d e  
concentrator  t o  absorb carbon d i o x i d e  i n  the event o f  a power f a i l u r e  where 
no hydrogen f l o w  i s  a v a i l a b l e  and the c i r c u l a t i n g  blower stops. The t e s t s  
showed t h a t  the concentrator  has e s s e n t i a l l y  no capac i ty  as might be expected 
s ince the e l e c t r o l y t e  volume i s  very smal l .  I f  the  system i s  t o  remain i n  
operat ion dur ing  a power f a i l u r e ,  two op t ions  are  a v a i l a b l e .  
The f i r s t  would be t o  sw i tch  to  open loop operat ion using oxygen from an 
accumulator. The second would be t o  cont inue using the rebreather b u t  emergency 
power would be requi red t o  power the carbon d i o x i d e  concentrator.  About 100 
wat ts  o f  DC power would enable the concentrator  t o  operate i f  hydrogen were n o t  
ava i lab le .  
High Capacity Water E l e c t r o l y s i s  Subsystem 
Water E l e c t r o l y s i s  Module. - The Laboratory Breadboard System (LBS) as o r i g i n a l  i y  
designed and using a t y p i c a l  ten-ce l l  water e l e c t r o l y s i s  module could d e l i v e r  
0.15 l b s  oxygen per  hour (100 amps/ft2) w i t h  peak loads of up t o  0.18 l b s  oxygen 
per hour. 
hour cont inuously  w i t h  peak loads of 0.33 lbs oxygen per hour requ i red  modi f ica-  
t i o n  o f  both e l e c t r o l y s i s  module and the  LBS t e s t  r i g .  The o r i g i n a l  design o f  
the water e l e c t r o l y s i s  module had demonstrated a c a p a b i l i t y  t o  operate a t  150 
amps/ft2 w h i l e  ma in ta in ing  a r e l a t i v e l y  s t a b l e  performance l e v e l .  
To increase t h i s  system's capaci ty  t o  d e l i v e r  0.20 l b s  oxygen per  
I n  order  t o  f u l f i l l  the new LBS requirements, the  use o f  an o r i g i n a l  module 
would most l i k e l y  r e s u l t  i n  h igh  power requirements (h igh vo l tage l e v e l s ) .  A 
module having more than ten  c e l l s  ( i .e. ,  reducing cur ren t  dens i ty )  o r  an i m -  
proved c e l l  c o n f i g u r a t i o n  would be requi red t o  keep the power requirements low. 
Based on separate experiments, the l a t t e r  approach was chosen. The ground 
ru les  f o r  c e l l  c o n f i g u r a t i o n  m o d i f i c a t i o n  were such t h a t  no major c e l l  component 
m o d i f i c a t i o n  should be required. 
One o f  the  l i m i t i n g  f a c t o r s  t o  h igher  c u r r e n t  d e n s i t i e s  i n  s t a t i c  water-feed 
c e l l s  i s  the  water t ranspor t  from the feed m a t r i x  t o  the  c e l l  mat r i x .  One o f  
the ways t o  increase t h i s  feed r a t e  i s  t o  a l l o w  a maximum poss ib le ,  cross- 
sec t iona l  area across which the  water vapor can d i f fuse.  O r i g i n a l  NAOS c e l l  
cons t ruc t ion  u t i l i z e d  a s l o t t e d  cur ren t  c o l l e c t o r  immediately adjacent t o  the 
water feed c a v i t y .  
sec t iona l  area. Hencei, by removing the  suppor t ing r i b s  from the  cur ren t  c o l -  
l e c t o r ,  an increase i n  water feed c a p a b i l i t y  could be a t ta ined.  The loss i n  
heat removal r a t e  due t o  r i b  removal i s  i n s i g n i f i c a n t  s ince most o f  the c e l l  
overvoltage, hence heat load, occurs a t  the anode. 
These s l o t s  blocked approximately 38 percent o f  the cross- 
A new c e l l  u t l i z i n g  t h i s  cons t ruc t ion  p r i n c i p l e  was designed. A cross-sect ion 
through t h e  mani fo ld  area o f  such a t y p i c a l  c e l l  i s  shown i n  F igure 36. Table 
XI i d e n t i f i e s  the numbered components. The hydrogen s ide  cur ren t  c o l l e c t o r ,  
Item 16, i n  the modi f ied c e l l  has a rectangular  opening equal t o  the  a c t i v e  
c e l l  area machined i n  i t s  center.  Since i t s  heat removal f u n c t i o n  i s  minor, 
n i c k e l  sheet instead o f  n i c k e l  p l a t e d  copper could be used. The hydrogen 
c a v i t y  spacer, I tem 12, was increased f rom a 0.060'' t o  0.092" th ickness t o  
compensate f o r  t h e  missing cur ren t  c o l l e c t o r  r i b s .  
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TABLE X I  
ELECTROLYSIS CELL COMPONENTS 
I tem -
1 
2 
3 
4 
5 
6 
7 
8 
9 
10 
1 1  
12 
13 
14 
15 
'1 6 
17 
18 
19 
20 
Man i fo ld  0-Rings 
H2 - O2 Frame 
Current C o l l e c t o r ,  P l a i n  
Cavi ty  Seal ing 0-Rings 
O 2  P o r t  Hole 
I n s u l a t i n g  Tape, 
O2 Compression Ring 
E 1 e c t  rodes 
C e l l  M a t r i x  
O2 Cavi ty  Spacer 
H20 Cavi ty  Spacer 
H2 Cavi ty  Spacer 
Feed M a t r i x  
Feed M a t r i x  Support Screens 
H Compression Ring 
Current Col l e c t o r  
H20 Feed Passage 
H20 Cavi ty  P l a t e  
Gas o r  L i q u i d  Mani fo ld  
2 
P1 ug 
Ethylene Propylene 
Polysul fone 
Nickel -P lated Copper 
Ethylene Propylene 
N/A 
Tef 1 on 
N icke l  
AB-6 
0.030" Asbestos 
Expanded N icke l  , 0.060" 
12 Mesh, ,020" Threads, 
Polypropylene Screen 
Expanded N i  cke l  , 0.092" 
0.030" As bes tos 
ASTM #70 Mesh, 
Po 1 yp ropy 1 ene Screen 
N icke l  
N icke l  
N/A 
Polysul fone 
N/A 
Polysul fone 
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The feed mat r ix ,  I tem 13, was increased from l 5 - m i l  t o  30-mil th ickness. Th is  
increase i n  th ickness, however, tends t o  Increase res is tance t o  water d i f f u s i o n  
and hence water feed r a t e  t o  the  c e l l .  I t  i s  f e l t  t h a t  t h i s  decrease i n  feed 
r a t e  i s  more than o f f s e t  by the  increase due t o  t h e  increase i n  cross-sect ional  
area. The t h i c k e r  feed m a t r i x  makes for  a more rugged c e l l  cons t ruc t ion  which 
i s  e s p e c i a l l y  des i rab le  when a brea th ing  f u n c t i o n  i s  coupled w i t h  the  oxygen 
consumption. Dur ing such an operat ion,  pressure f l u c t u a t i o n s  caused by p e r i o d i c  
oxygen consumption causes f l e x i n g  of the  feed mat r ix .  
s l o t t e d  spacer t h a t  Os used i n  t h e  o r i g i n a l  c e l l  design between the  s l o t t e d  cur-  
ren t  c o l l e c t o r ,  I tem 16, and the  m a t r i x  support screen, I tem 14, was e l im ina ted  
from the modi f ied c e l l  cons t ruc t ion .  The increase i n  feed m a t r i x  th ickness 
compensated f o r  the  loss o f  the spacer. 
The 10-mil po lysu l fone 
A spot-welding technique was used where p r a c t i c a l  t o  assemble the  i n t e r n a l  
m e t a l l i c  p a r t s .  Th is  tends t o  e l i m i n a t e  contact  res is tance.  The hydrogen 
c a v i t y  spacerp Item 12, the  cathode e lect rode,  I tem 8 ,  the  hydrogen compression 
r ing ,  I tem 15, and the  hydrogen s i d e  c u r r e n t  c o l l e c t o r  were spot-welded t o  each 
other.  On the anode s ide,  o n l y  the oxygen c a v i t y  spacer, i tem 10, the  anode 
electrode, I tem 8, and the  oxygen compression r ing ,  I tem 7, were spot-welded 
together.  Th is  subassembly could not,  however, be spot-welded t o  the p l a i n  
cur ren t  c o l l e c t o r ,  I tem 3, s ince spot-welding t o  t h e  n i c k e l - p l a t e d  copper would 
cause p i t t i n g  w i t h  subsequent cor ros ion  problems. A t e n - c e l l  module designated 
WEM #5 was assembled us ing the modi f ied c e l l  con f igura t ion .  
Power Condi t ion ing.  - To generate 0.33 l b s  oxygen per  hour requi res 50 amps. 
The power supply and e l e c t r o n i c  pressure c o n t r o l  system o f  the  labora tory  
breadboard t e s t  r i g  as o r i g i n a l l y  designed could no t  supply t h i s  c u r r e n t  l e v e l .  
The power cond i t ioner  f o r  the WES module used four power t r a n s i s t o r  sw i tch  
c i r c u i t s  i n  p a r a l l e l  t o  prov ide the  27 amps required, the f l i g h t  breadboard 
power cond i t ioner  used h igher  cur ren t  devices and o n l y  requi red two power 
t r a n s i s t o r  switches i n  p a r a l l e l  for 30 amps. Since then, even h igher  cur ren t  
devices have become a v a i l a b l e  and these were used t o  uprate the labora tory  
f o r  a 30 amp cond i t ioner .  
new power t r a n s i s t o r s  were used. 
wer cond i t ioner .  With these new t r a n s i s t o r s ,  on ly  one i s  requi red 
To prov ide a 50 amp power condi t ioner ,  two o f  the 
To keep the rework a t  a minimum and t o  make use o f  r e a d i l y  obta inable o f f - t h e -  
s h e l f  components, the 50 amp power cond i t ioner  power stage and f i l t e j  was 
designed and b u i l t  as two 25 amp systems i n  p a r a l l e l  as shown i n  F igure 37. 
The i d e n t i c a l  power sw i tch  and f i l t e r  c i r c u i t  as used prev ious ly  has been re- 
ta ined f o r  each o f  the two p a r a l l e l  stages. 
changed t o  a h igher  cur ren t  capaci ty  ( lower res is tance)  u n i t .  Th is  al lowed 
the c o n t r o l  l o g i c  c i r c u i t  t o  be re ta ined w i t h  no changes. 
The cur ren t  measuring shunt was 
Subsystem Tests, - WEM #$ was i n s t a l l e d  i n t o  the modi f ied t e s t  r i g  and the  
operat ion o f  both the module and the t e s t  r i g  was v e r i f b e d  a t  50 amps (220 ASF).  
The i n i t i a l  s tack vo l tage o f  the  t e n - c e l l  module a t  155 F, 30 p s i a  and 220 
amps/ft2 was 19.2 v o l t s .  Th is  vo l tage l e v e l  increased w i t h  t ime and leve led  
out  a f t e r  approximately one hour a t  22.4 v o l t s .  
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The h i g h  capaci ty  water e l e c t r o l y s i s  subsystem p o r t i o n  o f  the  Laboratory 
Breadboard was operated as an open loop system. 
water e l e c t r o l y s i s  subsystem was connected t o  a CRU 68A d i l u t e r  demand regu la to r .  
Automatic pressure c o n t r o l  was used dur ing  t h i s  t e s t  t o  mainta in  t h e  oxygen 
pressure a t  50 p s l g  independent of  the oxygen demand ra te .  This  c o n t r o l  moni- 
t o r s  the  oxygen pressure by means of a pressure transducer and ad jus ts  the  
e l e c t r i c a l  cur ren t  i n t o  t h e  e l e c t r o l y s i s  module t o  mainta in  t h i s  pressure. 
Using the  r e g u l a t o r  i n  a "normal oxygen" mode r e s u l t e d  i n  approximately 3% 
percent oxygen i n  the gas fed  t o  the brea th ing  mask. The oxygen generat ion 
r a t e  o f  the  e l e c t r o l y s i s  module was approxlmately 0 . 3 3  pounds per  hour. The 
e l e c t r i c a l  cur ren t  i n t o  the  t e n - c e l l  e l e c t r o l y s i s  s tack averaged 50 amperes. 
This  corresponds t o  a c u r r e n t  densi ty  o f  220 amps/ft2. 
vo l tage was 20 v o l t s  o r  2 v o l t s  per c e l l  
cooled and operated between 15OoF t o  170'F. 
creased w i t h  t ime due t o  the f a c t  t h a t  the  coo l ing  system was designed t o  
handle one-hal f  o f  t h i s  load I n  a c losed loop system. 
graph taken dur ing t h i s  t e s t .  
The oxygen o u t l e t  o f  the  
The measured s tack 
The e l e c t r o l y s i s  module was a i r -  
The temperature gradua l ly  i n -  
F igure 38 i s  a photo- 
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CONCLUSIONS 
The laboratory breadboard aircrew oxygen system meets the performance 
specifications. 
No trends in the data were observable when operating the system over a 
range of breathing rates and tidal volumes. 
Carbon dioxide partial pressure was always below 
7.6mm Hg with most of the data near 4.0mm Hg ind 
craft application for this device. 
the specified level of 
cating a possible space- 
The electronics developed for automatic control ,f oxygen generation rate 
and for constant current through the concentrator perform satisfactorily. 
The size and weight of a packaged prototype system is applicable to air- 
craft requ i remen ts * 
Satisfactory operation of the system indicates that the system is feasible 
and can be developed into a prototype system. 
The total operating time of over 100 hours represents over 100,000 breathing 
cycles which i s  approaching the range of present oxygen equipment life 
requirements. 
The laboratory breadboard is a useful and versatile apparatus allowing a 
wide range of operating conditions. 
The subsystems can  be^ operated independently i f  required. The breadboard 
can also be easily modified by adding or changing components due to its 
physical layout. 
The operation of the water electrolysis subsystem as an oxygen generator 
in an open loop mode illustrates the simplicity of this method of oxygen 
generation for open loop as well as closed loop systems. 
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RECOMMENDATIONS 
1 .  
2.  
3 .  
4. 
5. 
The labora tory  breadboard system should be maintained f o r  use as a 
v e r s a t i l e  t e s t  stand f o r  a wide v a r i e t y  o f  i n v e s t i g a t i o n s .  
Continued development o f  the  water e l e c t r o l y s i s  and t h e  carbon d i o x i d e  
concentrator  subsystems i s  recommended f o r  use i n  numerous a p p l i c a t i o n s  
i n v o l v i n g  separate or combined use o f  these devices. 
The s i m p l i c i t y  o f  the  water e l e c t r o l y s i s  subsystem and i t s  independence 
of  the  environment warrants consider ing t h i s  method o f  oxygen generat 
f o r  open loop oxygen systems. 
The s a t i s f a c t o r y  performance o f  t h e  carbon d i o x i d e  concentrator  as a 
s teady-state carbon d i o x i d e  removal device f o r  long term continuous 
operat ion has been demonstrated. 
t i o n s  should be considered. 
I t s  use i n  o t h e r  l i f e  support a p p l i  
on 
a- 
The s a t i s f a c t o r y  operat ion t o  performance s p e c i f i c a t i o n s  shows t h a t  the 
NAOS system i s  f e a s i b l e  and t h a t  f u r t h e r  development i s  warranted towards 
s p e c i f i c  app l i ca t ions .  
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